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Abstract 
New technologies, such as robocasting, arrive in the 20th century for doing the competence to 
traditional manufacturing techniques. These techniques enable the possibility to produce more 
versatile ceramic pieces, where biomedical implants are the best example. In this Master’s thesis, 
Zirconia is going to be investigated due to its high biocompatibility and proper mechanical properties. 
ZrO2 presents a toughening mechanism (i.e. phase transformation in the crack tip accompanied with a 
volume grain expansion) which increases the resistance of the material to crack propagation. 
Nevertheless, ZrO2 presents a low temperature degradation mechanism in which mechanical 
properties become dropped off in humid environments. In that context, three commercial grades of 
ZrO2 powders (CY3Z-RA, GY3Z-R60 and TZ-3YS-E) are going to be examined in order to compare them.  
First of all, it will be characterized the powder. To complete this purpose it will be determined the 
powder particle size through laser diffraction and the linear intercept method. After on, microstructure 
will be analysed with x-ray diffraction, and specific surface are by means of BET analysis. Finally, the 
powder density is going to be determined through He pycnometry, and the amount of binder in GY3Z-
R60 using a thermo-balance. The second step is to characterize the paste that is going to be printed. In 
that case, a plate-plate rheometer will analyse the rheology parameters. Afterwards, for the printed 
specimens, the microstructural (e.g., density, porosity, etc.) and micromechanical properties (e.g. 
hardness, elastic modulus, etc.) will be determined by using advanced characterization techniques, 
such as field emission scanning electron microscopy or nanoindentation, among others. 
The results obtained for the powders are in accordance with the data sheet provided by the suppliers. 
The pastes present a clear Herschel-Bulkley fluid with a shear thinning behaviour, indispensable for 
printing ZrO2 parts. After that, four pieces are going to be fabricated through the robocasting technique 
at 100% and 50% filling space with the two first aforementioned feedstocks. Finally it will be 
characterized the porosity and the mechanical properties of them. Regarding porosity, it will be 
characterized through 2D and 3D imaging, micro-CT and BET/BJH. It is concluded that 3D imaging is the 
most suitable characterization technique. However, it is not the most efficient way. With regard to 
mechanical properties, hardness, indentation fracture toughness and Young’s modulus are going to be 
determined. The results obtained are an average of 12.5 GPa for hardness, 5.2 MPa m-1/2 for 
indentation fracture toughness and 230 GPa for the elastic modulus for both materials. These results 
are in accordance with the reported for ZrO2 parts obtained through traditional manufacturing 
techniques. Hence, the robocasting technique is suitable for manufacturing ZrO2 parts. To sum up, it is 
concluded that i) the binder facilitates the rheology of paste, ii) the mixing must be optimized, iii) 3D-
printing must be performed in a humidity chamber to avoid drying of the paste and using a metallic 
nozzle, iv) more efficient or new characterization techniques must be investigated in order to ease 
porosity measurements, and v) the 3D-printed parts fulfil the mechanical requirements. 
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Glossary 
 
Symbol/ 
Acronym 
Description 
Symbol/ 
Acronym 
Description 
2D Two-dimensional KIc Fracture toughness in mode I 
3D Three-dimensional LOI Loss on ignition 
3Y-TZP 
3% mol. Yttrium tetragonal 
Zirconia polycrystals 
LTD Low temperature degradation 
° Grade m- Monoclinic phase 
°C Celsius degree Micro-CT Micro computed tomography 
µm Micrometre min Minute 
Å Amstrong ml Millilitres 
Al2O3 Alumina mm Millimetre 
AM Additive manufacturing mN Mili-Newton 
bar Pressure bar mol. molar 
BET Brunauer-Emmet-Teller MPa Megapascal 
BJH Barret-Joyner-Halenda Ms Martensitic starting temperature 
BSD Back scattered detector N Newton 
c- Cubic phase N2 Nitrogen air 
CAD Computer aided design Na2O Sodium oxide 
cm Centimetre Ne Neon 
CMC 
Critical micellization 
composition 
nm Nanometre 
CMT 
Critical micellization 
temperature 
Pa Pascal 
Dhkl Apparent crystallite size PO Propylene oxide 
Dx(10) Particle size below 10% vol. PSZ Partially stabilized Zirconia 
Dx(50) Particle size below 50% vol. ref. Reference 
Dx(90) Particle size below 90% vol. rpm Revolutions per minute 
E Elastic modulus s Second 
EO Ethylene oxide SEM Scanning electron microscope 
FEG Field emission gun SiC Silicon carbide 
Fe2O3 Iron oxide (III) SiO2 Silicon oxide 
FESEM 
Field emission scanning 
electron microscope 
SSA Specific surface area 
FSZ Fully stabilized zirconia t- Tetragonal phase 
g Gram t*- Tetragonal metastable phase 
GN Giganewton TGA Thermogravimetric analysis 
GPa Gigapascal TiO2 Titanium oxide 
h Hour TZP Tetragonal zirconia polycrystal 
H2O Water wt. % Weight percent 
He Helium XRD X-ray diffraction 
Hg Mercury Y2O3 Yttrium 
HVx Vickers’s hardness at load x ZrO2 Zirconia 
Kc Fracture toughness ZTC Zirconia toughened composite 
keV Kilo electron volt Ө Theta 
kgf Kilogram force λ Wavelength 
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1. Preface 
1.1. Thesis origin 
Beginning the 20th century, new manufacturing techniques have arisen to substitute traditional 
fabrication methodologies of ceramic parts; making it easier, cheaper, faster, etc. One of the most 
important technics is the 3D printing. Zirconia had been widely investigated when it is produced 
through uniaxial pressing or other traditional techniques. Nevertheless, with the introduction of 3D-
printers, ZrO2 begins to achieve an important feature for producing pieces with complex shapes, e.g. 
bone grafts, dental implants or catalysts. This Master’s thesis stems from the need to characterize 
porosity and mechanical properties of ZrO2 parts obtained through the additive manufacturing 
methodology, and in particular the robocasting technique. By doing that, this Master’s thesis aims to 
understand the effect of the whole processing stages in the final printed pieces in order to enhance 
the processing routes to obtain porosity-controlled specimens with high mechanical properties. 
1.2. Objectives 
The main objective of the present Master’s thesis is to develop a systematic protocol to characterize 
porosity and mechanical properties of ZrO2-based materials obtained through robocasting.  
In order to reach the main aim of this investigation, the following secondary objectives must be 
fulfilled: 
 To characterize the zirconia powder supplied by Saint-Gobain-CREE and Tosoh co., 
 To fabricate the ceramic pastes that are going to be printed, 
 To determinate the rheological properties of the ceramic pastes, 
 To fabricate the ZrO2 samples through the additive manufacturing technique and in particular 
by means of the robocasting methodology, 
 To characterize the internal or closed porosity of the printed samples, 
 To determinate the main mechanical properties (Hardness and the indentation fracture 
toughness) of the printed samples, 
 To compare the printed samples with the specimens produced with a well-known powder 
(Tosoh co. TZ-3YS-E) investigated for more than 25 years in the CIEFMA’s research group.  
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1.3. Motivation 
The lack of literature regarding to the right protocol to characterize microstructure and mechanical 
properties of ZrO2-based printed ceramics by using the robocasting technique makes the present thesis 
interesting in terms of investigation. Hence, the first protocol for characterizing its porosity and 
mechanical properties will led to further investigation in this contemporary manufacturing technic.  
What is more, by doing this Master’s thesis, it will be possible to stablish a strong collaboration 
between the UPC and, also, a worldwide leader of ceramic materials (Saint-Gobain). Thus, a new 
window is open to investigate in CY3Z-RA and GY3Z-R60 materials by using the robocasting technique. 
However, all the reported data provided along this Master’s thesis will be compared with the material 
widely investigated (TZ-3YS-E, Tosoh) in the host research group, CIEFMA (Research Center in Structural 
Integrity, Reliability and Micromechanics of materials). 
1.4. Previous requirements 
In this section it will be cited the required standards that had to be read before realizing this Master’s 
thesis: 
 ASTM E122-13, Standard test methods for determining average grain size.  
 ISO 9277:2009, Determination of the specific surface area of solids by gas adsorption using the 
BET method.  
 ISO 12154:2014, Determination of density by volumetric displacement- Skeleton density by 
gas pycnometry. 
 ISO 13320:2009, Particle size analysis- Laser diffraction methods. 
 ISO 6507-1:2018, Metallic materials- Vickers hardness test- Part 1: Test method. 
 ISO 14577, Standardized Nanoindentation. 
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2. Introduction 
2.1. Zirconia 
Zirconium dioxide (ZrO2), also known as zirconia, is one of the most studied ceramic materials because 
of its high capacity to resist crack propagation. It is composed of one atom of zirconium (Zr+4) and two 
atoms of oxygen (O-2). Pure ZrO2 has three allotropes as presented in Figure 2.1b. It is microstructurally 
monoclinic (m) at room temperature and pressure. With increasing the temperature, the material 
transforms to a tetragonal (t) phase by approximately 1170°C, and then at about 2370°C to a cubic (c) 
fluorite structure. Finally, it melts at 2716°C [1]. Figure 2.1a shows the phase diagram for the ZrO2 - 
Yttrium (Y2O3), where the different allotropes of ZrO2 as a function of the temperature are indicated.  
Table 2.1 presents the lattice parameters, mechanical properties and thermal expansion coefficients 
for the three phases that can be present in zirconia. Highest mechanical properties are obtained when 
a t-phase is present in the microstructure. However, c-phase is the hardest phase of ZrO2 materials. 
 
Figure 2.1: a) Phase diagram of ZrO2 and Y2O3 system [2] and b) crystallographic structures of zirconia (i) monoclinic (ii) 
tetragonal and (iii) cubic [3]. 
The first problematic that presents this material is that on cooling during sintering, the material 
undergoes spallation and cracking. This phenomenon was studied and concluded that volume changes 
(c → t approximately 2.31%; t → m approximately 4.5%), associated with this phase transformations. 
The transformation from a t → m phase is a martensitic transformation, which is usually diffusionless, 
occurs athermally, and involves shape deformation. Due to the important variation of volume and 
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shear during the transformation, some cracks at the grain boundary appears. To avoid this problem, 
ZrO2 is usually doped with metallic oxides to retain the t- or c-phases at room temperature [1,3].  
The three most widely used mechanisms for stabilization of the tetragonal ZrO2 phase are [1]:  
(i) Introducing dopants inducing oxygen vacancies (Gd+3, Fe+3, Ga+3 and Y+3),  
(ii) Introducing tetravalent dopants being undersized or oversized with respect to the oxide 
cations (Ti+4, Ge+4 and Ce+4), and  
(iii) Introducing dopants resulting in charge compensation (YNbO4 or YTaO4). 
The idea is to disfavour the strained m-phase at room temperature and favour a metastable structure, 
such as t* phase or also known as rhombohedral phase. This is achieved because these oxides reduce 
the activation temperature of the t → m transformation. Being the starting temperature of the 
martensitic transformation (Ms) controlled by the amount of stabilizer and the tetragonal grain size 
[1,3].  
 
Table 2.1: Lattice parameters, mechanical properties an thermal expansion coefficient for the three allotropes of Zirconia [4–
12]. 
System 
Lattice 
parameters  
(Å) 
Mechanical properties 
Linear thermal expansion 
coefficients[13] (·10-6/°C) 
Monoclinic 
𝑎 = 5.174 
𝑏 = 5.26 
𝑐 = 5.308 
𝛽 = 80° 48′ 
Hardness (GPa) 9.2 
𝑎 = 10.03 
𝑐 = 12.05 
Flexural strength (MPa) 234 
Fracture toughness 
(MPa·m1/2) 
3 
Elastic modulus (GPa) 215 
Density (g/cm3) 5.83 
Tetragonal 
𝑎 = 3.64 
𝑐 = 5.27 
Hardness (GPa) 12 
𝑎 = 11.14 
𝑐 = 12.14 
Flexural strength (MPa) 1200 
Fracture toughness 
(MP·am1/2) 
5 
Elastic modulus (GPa) 200 
Density (g/cm3) 6.1 
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Table 2.1: Lattice parameters, mechanical properties an thermal expansion coefficient for the three allotropes of Zirconia [4–
12] (continuation). 
System 
Lattice 
parameters  
(Å) 
Mechanical properties 
Linear thermal expansion 
coefficients[13] (·10-6/°C) 
Cubic 𝑎 = 5.53 
Hardness (GPa) 14  
𝑎 = 11.5 
Flexural strength (MPa) 211 
Fracture toughness 
(MPa·m1/2) 
1.6 
Elastic modulus (GPa) 270 
Density (g/cm3) 6.09 
2.1.1. Classification of Zirconia based materials 
The discovery by Garvie et al. [14] of transformation toughened zirconias (as Y2O3, CaO or MgO-doped 
partially stabilized zirconia ceramics) generated a big technological opportunity, resulting in the 
development of new material composites. Three different class of materials, which share the 
stabilization of t*-ZrO2 and martensitic (t → m) transformation for toughening, were developed [1,3]:  
1. Zirconia (dispersed phase) toughened ceramics (ZTC): 
 ZTA (alumina Al2O3) or ZTM (mullite 3Al2O3·2SiO2). 
 The stability of the t* phase will depend on the particle size, the morphology and the 
location of the particle (if it is inter- or intraganular) instead of dopant concentration. 
2. Partially stabilized Zirconia (PSZ): 
 Ca-PSZ, Mg-PSZ and Y-PSZ. 
 Intraganular nanometric precipitates with lenticular morphology of t-ZrO2 coherent in a 
stabilized cubic matrix (see Figure 2.2b).  
 This material is obtained by annealing in the two-phase (t + c) field in the phase diagram. 
3. Tetragonal Zirconia polycrystals (TZP): 
 Y-TZP and Ce-TZP. 
 With nearly 100% of t-phase after sintering presented in equiaxed grains (see Figure 2.2c).  
 This material is obtained by sintering in the tetragonal field in the phase diagram (see 
Figure 2.1a). 
More information about their mechanical properties is available in Table 2.2. 
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It is possible to find fully stabilized zirconia (FSZ) which is comprehended of a cubic microstructure. It 
is possible with high amounts of stabilizer. In the case of Yttrium higher than 8% mol. Most of studies 
performed with this material is through single crystals [15]. 
 
Table 2.2: Mechanical properties of different toughened Zirconias. 
 
Figure 2.2: Microstructural features of toughened Zirconias (a) ZTA, (b) Mg-PSZ and (c)Y-TZP [1]. 
Garvie and Nicholson [21] have demonstrated that a fine-scale precipitate of m-ZrO2 in a cubic 
stabilized matrix enhances the strength of partially stabilized zirconia. Later, Garvie et al. [22] 
demonstrates the possibility of devising a metastable t-ZrO2 in cubic zirconia matrix at room 
temperature. It is possible in particles of less than 30 nm, and the stability of this phase is due to the 
intrinsic properties of active powders, specifically, small mean crystallite size, large specific surface, and 
appreciable excess energy. 
Focusing on TZP materials, as reported by Gupta et al. [23], a higher content of t-phase will increase 
the strength of the material. Nevertheless, it was found a critical grain size below which high strength 
was achieved. Metastability can be loss if the tetragonal precipitated grain is too small 
(overstabilization) or when the precipitates grow spontaneously too large (transformation to m-phase 
Property ZTA[16–18] 8Mg-PSZ[19] 3Y-TZP[20] 
Hardness (GPa) [13-20] [9-9.5] [10-12] 
Flexural strength (MPa) [400-800] [320-400] [650-1200] 
Indentation fracture toughness (MPa·m1/2) [4-6] 4.7 [5-9] 
Elastic modulus (GPa) [340-355] 192 200 
*Mechanical properties will depend on Zirconia or stabilizer content, grain size, porosity and sintering process. 
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with twinning and microcracking). The properties of these materials are closely related with the grain 
size. It controls Ms temperature and the ease of the transformation. It implies that their Ms 
temperature must be below room temperature. The closer the service temperature is to Ms, less stable 
will be the tetragonal grain. Subsequently, the ability for transformation toughening will result 
increased. Depending on the dopant and the dopant concentration, this aforementioned grain effect 
can be controlled. Therefore, it will be essential to determine the degree of tetragonality and the 
thermal expansion anisotropy of the unit cell. In general, higher tetragonality rate contributes to low 
stability of the t*-phase by an increased Ms. On the other hand, anisotropic thermal expansion can 
influence residual strains in t-grains; in the way that higher residual strains can lower the nucleation 
stress threshold for the t → m transformation in the presence of crack-tip strain energy [1]. 
2.1.2. Transformation toughening mechanism 
In 1976, Hannink et al. [24] discovered a way to enhance fracture toughness in ZrO2-based ceramics. 
This increase has been demonstrated for zirconia ceramics containing precipitates of t-ZrO2, which 
martensitically transforms to a m-phase. Martensitic transformation is usually diffusionless, occurs 
athermally, and involves shape deformation. Being the last one the contribution to transformation-
toughening in ceramics [25]. It is indispensable that t-ZrO2 be present as thermodynamically 
metastable at the conditions in which crack is going to propagate. It remains in the needed stress to 
trigger transformation in the grains near the tip crack. First, the stress required for transformation 
increases with temperature above Ms and second, at a given test or service temperature (above Ms) 
this critical applied stress will increase as Ms is decreased. The kinetics of transformation are governed 
by nucleation, with the probability of nucleation enhanced by local residual stresses as well as applied 
stress [1].   
When the energy, product of the stress that is suffering a grain, is high enough to exceed the driving 
force for transformation, this grain transforms from metastable tetragonal to monoclinic phase [26]. 
This transformation ensures a volume expansion constrained by the surrounding material. This new 
monoclinic grains, which are bigger than the previous tetragonal grains, generate a compressive stress 
acting on the surfaces of the crack interrupting its propagation [25,27]. Schematically represented in 
Figure 2.3. 
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Figure 2.3: Schematic representation of the phase transformation toughening present in ZrO2-based ceramics [27]. 
The development of a transformation zone associated with the crack tip and later becoming a crack 
wave feature is due to the involved transformation. The size of this zone and its microstructural 
features control toughening. Experimentally, it has been found that the size of the transformation zone 
is function of the test temperature and the grain size. It increases as temperature drops toward Ms and 
with increasing grain size [1,25].  
2.1.3. Low temperature degradation, LTD 
Kobayashi et al. [28] were the first authors to publish an important limitation of Y-TZP ceramics for 
applications near 250°C. The authors revealed that a slow t → m phase transformation at the sample 
surface can occur in humid environments, followed by microcracking parallel to the surface and a loss 
in strength. This mechanism is known as low temperature degradation (LTD) or aging. Aging occurs 
through a slow transformation t → m product of the penetration of water molecules within the ZrO2 
lattice (see Figure 2.4).  
Several models have been reported in order to explain how the presence of water inside the ZrO2 
lattice promotes the martensitic transformation. The first developed models were based on the 
formation of Y(OH)3 through the reaction of H20 and Y2O3. However, this model was rejected because 
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of the extreme slow diffusion of Y3+ that makes not possible to consider it as an essential mechanism 
of the nucleation of the t → m transformation [29]. On the other hand, the role of internal stresses 
associated with water diffusion in the ZrO2 lattice was demonstrated. Water radicals penetrate inside 
the ZrO2 lattice. At that point, the oxygen from the water is located on vacancy sites and the hydrogen 
locates in adjacent interstitials. The trivalent character of Y2O3 in Y-TZP ceramics present numerous 
vacancies, which increases the diffusion rate of species from the water [30]. According to Schubert and 
Frey [31] the penetration of water promotes a lattice contraction of the tetragonal unit cell; this leads 
to the apparition of tensile stresses at surface grains that destabilize the t-phase.  
 
Figure 2.4: LTD mechanism leads to a t → m transformation in ZrO2-based ceramics [3]. 
The LTD is performed, firstly, through one grain and, then, as a nucleation and growth mechanism 
(nucleation is considered as the transformation of one grain, while growth is the extension to its near 
neighbours). The nucleation begins in the most unstable grains where high internal stress, larger grain 
size or minor content of Y2O3 is present. Once one grain transforms, tensile stresses are introduced in 
the neighbour grains favouring their catalytic transformation to m-phase. The sudden volume 
expansion leads to microcraking at the grain boundaries. This enables penetration of water molecules 
through the inner grain boundaries, causing the transformation of the grains deeper in the bulk of the 
material. The whole process is controlled by the diffusion of water species [27,30].  
At that point, it can be assumed four major points widely accepted [27,32]: 
(i). LTD starts at the surface of the sample. 
(ii). It causes surface uplift and microcracks. 
(iii). Water molecules can penetrate within the bulk material through grain boundaries. 
(iv). It leads to the development of major cracks. 
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2.1.4. From traditional to advanced processing routes 
2.1.4.1. Traditional manufacturing techniques 
The most common and industrialized way for producing structural ceramic parts is via powder 
technology. A ceramic powder, firstly grinded, is mixed with other substances such as binders, 
deflocculants, plasticizers and lubricants. Then the mixture is pressed and, finally, sintered. A scheme 
of the manufacturing technology of ceramic powder is presented in Figure 2.5. Due to the fact that 
through traditional manufacturing techniques the pieces that can be obtained must be simple in its 
geometry, normally, a final step of machining accompanies the conformation process. It permits more 
complex forms. Nevertheless, it highly increases the final production price.  
 
Figure 2.5: Scheme of manufacturing for ceramic parts through powder technology. 
The conformation through pressing can be performed through different ways: 
1. Uniaxial pressing (UP) 
Is a technique of powder compaction in which an uniaxial pressure is applied. It is the most 
used for mass production of ceramic parts due to it is fast and cheap production of the green 
parts. 
2. Cold isostatic pressing (CIP) 
The powder is compacted applying a multi-directional pressure. This is achieved through a 
liquid or a gas medium surrounding the compacted part. Compared with the uniaxial pressing 
it allows more complex figures and better uniformity of compaction. 
3. Hot pressing (HP) 
The compaction is produced with simultaneous application of pressure and heat. It permits 
higher densities. It allows a diminution in final porosity and, thus, enhanced mechanical 
properties because of the increased density. 
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4. Hot isostatic pressing (HIP) 
For this case an isostatic pressure is achieved through a gas, but involving an increased 
temperature. It permits achieving high densities and higher mechanical properties. 
5. Injection moulding (IM) 
The ceramic powder is fed and injected into a die cavity through a screw rotating cylinder. 
Sintering allows the consolidation of the ceramic particles by heating the green piece (which is obtained 
after pressing but before sintering) to a high temperature below its melting temperature for a certain 
time. Atoms diffuse with the neighbouring ceramic particles forming welding necks.  
Ceramic components are generally conformed into the desired shapes starting from a mixture of 
powder with or without binders and other additives, using conventional technologies: moulding, die 
pressing, tape casting, gel-casting, among others. Nevertheless, these ceramic forming techniques 
present limitations in terms of long processing times and high costs. Sintering of the green parts at 
higher temperatures is required to achieve densification. It is also impossible to produce pieces with 
high complexity or interconnected holes [1]. The need for advanced features in the parts that are being 
produced led to the necessity of reinventing the way in which ceramics are produced. 
a) Applications of ZrO2-based materials 
ZrO2 is used in a wide range of applications, these including chemical industry, machinery, electronics, 
aerospace and biomedical engineering [3]. It can be used as an advanced technical ceramic, which 
means that these ceramic parts are going to be implemented in harsh environments in which 
resistance to wear and corrosion and high mechanical performance is crucial. This includes bearings, 
knives, grinding media, brake pads, thread guides and more industrial tooling as it is presented in Figure 
2.6. Another application is as ferrules and sleeves for optical fibre connectors. Alternatively, as a 
conductive ceramic in oxygen sensors or solid oxide fuel cells. It is also implemented in decoration as 
a pigment due to its high and stable colour intensity. ZrO2 can be found in refractories for foundry due 
to the hard conditions demanded. Finally, its more demanding application is as a thermal barrier 
coating (TBCs) in Diesel motors, gas and turbine engines in order to improve combustion performance 
at high temperatures [33].  
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Figure 2.6: Applications of zirconia for a) thermal barrier coatings, b) bearings, c) pigments, d) fuel cells and e) refractories 
[33]. 
2.1.4.2. Additive manufacturing 
Additive manufacturing (AM), also referred as three-dimensional (3D) printing, is a set of advanced 
technologies used to fabricate physical parts in a discrete point-by-point, line-by-line or layer-by-layer 
additive manner from 3D CAD models that are digitally sliced into 2D cross sections. It emerged in the 
1980s. Now, it has become an integral part of our modern society because it had rapidly attracted the 
community research attention. Basically, a pattern-generating device (for example, a nozzle or a laser 
writing optic) is computationally controlled during its translation stages to create the final pieces. 3D 
printing offers the ability to realise complex and precise structures with relatively low time of 
production; the precision of the printed parts will be extremely correlated with production time, so 
higher production times will produce more precise parts, and vice versa [34]. Compared with 
traditional manufacturing methodologies, the post-processing step is reduced and so, the associated 
cost to the final piece. 
Marcus et al.[35] and Sachs et al. [36] first reported the introduction of 3D printing into the 
manufacturing of ceramic components in the 1990s. Nowadays, huge varieties of ceramic parts are 
produced by using AM technologies with the finality of producing complex shapes with lower final 
prices. According to the form of the pre-processed feedstock before printing, these technologies can 
be categorised into slurry-based, powder-based or bulk solid-based methods. The slurry-based 
methods involve a dispersion system of a liquid or semi-liquid with fine ceramic particles assessed as 
inks or pastes. On the other hand, the powder-based methods involve a powder bed that is bonded 
by a spreading liquid acting as a binder or by powder fusion [34]. Apart from that, another way to 
classify these AM processes is according to their dimensional order as presented in Figure 2.7 [37]. The 
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steady research growth on AM of polymeric and metallic materials has increased a lot over the past 20 
years. However, AM solutions for ceramic materials is still very limited in scope. 
 
Figure 2.7: Classification of the AM technologies regarding its dimensional order [37]. 
Focusing on direct ink writing (DIP), two main ink delivery systems are divided into droplet-based or 
filament-based methods, which differ in the form in which the piece is produced. For the droplet-based 
technique, the final part is produced layer-by-layer with subsequent material droplets. On the other 
hand, the filament-based approach is continuously extruding a filament through a nozzle. Table 2.3 
summarizes the different types of direct ink writing with its minimum printed feature size [38]. 
Robocasting, as it is employed to produce the investigated samples in this Master’s thesis, will be 
extensively detailed in the Robocasting part (see section 2.1.4.2a). 
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Table 2.3: Droplet-based and Filament-based techniques for DIW [38]. 
 
a) Robocasting 
Robocasting was first developed at Sandia National Laboratories in the middle 90s [39]. Direct ink 
writing, extrusion free-forming, direct write fabrication or robot assisted deposition are other names 
related to this type of AM technique. The basic principle of robocasting consists on extruding a filament 
of a pseudoplastic paste, which contains ceramic particles, through a nozzle. Additionally, with the CAD 
model defined in the computer, the nozzle is correctly positioned. Like all AM techniques, the nozzle 
produces concrete patterns layer by layer until obtaining all printed planes, and so the final part. Figure 
2.8a illustrates a scheme of the equipment. This technique, instead of relying on solidification, depends 
on paste’s pseudoplastic properties to maintain its final form after extruding [38,40]. A classification in 
the variation of shear stress with shear rate of Newtonian and non-Newtonian fluids is shown in Figure 
2.8b. Pseudoplastic behaviour is a characteristic of some non-Newtonian fluids whose viscosity 
 Ink design Minimum feature size 
Droplet-based techniques 
3D Printing Binder solution printed on powder bed 
170 μm lateral 
45 μm depth 
Ink-jet Printing Colloidal fluid 
20 μm lateral 
100 nm lateral 
Hot-melt ink-jet printing Colloid-filled wax (max solids ≈ 40%) 
70 μm lateral 
≤ 1 μm lateral 
Filament-based techniques 
Robocasting (in air) Concentrated colloidal gel 5000 μm diameter 
Robocasting (in oil) 
Concentrated colloidal gel 
Concentrated nanoparticle gel 
200 μm diameter 
30 μm diameter 
Fused deposition Particle-filled polymer melt (max solids ≈ 50%) 100 μm diameter 
Micropen writing Concentrated colloidal fluid 25 μm diameter 
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decreases with shear stress and, also, can vary with shear time. More information about the flow 
behaviour of the ink through the nozzle is detailed on Appendix A. 
It can be found nozzles from 30 μm (used for ceramic pastes) in diameter. The possibility of bigger 
diameters is also taken into account, so a faster production of final pieces can be achieved with additive 
manufacturing. However, this will produce a reduction of the final resolution, surface roughness, etc. 
Then, for this particular case, it will be necessary to take into consideration a post-processing stage in 
order to obtain the desired shape. This step will increases the final production cost.  
 
Figure 2.8: a) Scheme of processing through robocasting technique and b) Classification of fluids with shear stress as a 
function of shear rate [38]. 
The different steps explaining the fabrication of a robocasted specimen are explained in Figure 2.9. It 
is basically composed of 3 steps. The first one is the preparation of the paste that is going to be 
extruded and the CAD model. Then, the prepared paste is deposited layer-by-layer in a continuous way 
applying a certain pressure in the nozzle. Once the piece is totally printed, a densification stage must 
take place in order to enhance the mechanical properties through incrementing the density. This final 
stage is called sintering [41].  
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Figure 2.9: Scheme of how to perform a piece through robocasting [41]. 
Due to the fact that this process is continuous, the interruption of the ink flow is not desirable. For that 
reason, calculations of area filling patterns (tool paths) in order to minimize the number of star-stops 
are very useful. Two different strategies of tool paths are used in robocasting: direction parallel filling 
or contour-offset filling. In both of them, the user is the responsible for choosing the distance between 
adjacent lines, so the proportion of filling can be another feature to determinate. These filling patterns 
are shown in Figure 2.10. Nevertheless, in the literature it can be found optimized computational 
algorithms for these tool paths calculations for milling processes [38,40]. 
 
Figure 2.10: a) Parallel filling tool path and b) contour-offset filling tool path [38]. 
b) Formulation of pastes 
The viscoelastic and physical properties of the paste are crucial for achieving the best results through 
robocasting. It is preferential obtaining shearing thinning pastes in order to extrude through small 
diameter nozzles with relatively low pressure. Figure 2.11 summarizes the rheology requirements for 
applying the robocasting technique. It is needed a Herschel-Bulkley fluid which presents a yield point 
Protocol for determinin porosity and mechanical properties in ZrO2 obtained through 3D-printing 
  23 
and a shear thinning behaviour (its viscosity decreases with shear rate). The pastes must take into 
account different aspects such as [38,42]: 
 The paste has to be homogeneous, so it is important to avoid air bubbles and agglomerates. 
 The viscosity must be low enough in order to allow the extrusion of the paste through a nozzle 
with a fine diameter at a relatively low pressure.  
 The paste must fulfil the requirements of yield stress and stiffness adequate for each 
application.   
 In order to decrease the amount of shrinkage, there must be provided pieces with high green 
densities. For that reason, the volume fraction of ceramic powder is recommended to be high 
enough, not forbidding other extrusion criteria (e.g. rheology, etc.).  
 
Figure 2.11: Ceramic paste rheology requirements for robocasting [41]. 
Two basic inks designs are widely recognized for this process: 
1. Aqueous colloidal gels 
Cesarano et al. [39] were pioneers using flocculated colloidal gels as inks for ceramic 
robocasting. This paste was a high solid loading aqueous suspension of alumina (Al2O3) with 
less than 1% vol. of dispersant; these maximum high solid loads provide the diminution of 
shrinkage suffered at drying and minimize cracking too. These pastes rely on inter-particle 
forces and surface interactions in the slurry to attain the required pseudoplastic properties. In 
their work, the filament formation and the initial shape retention were achieved by tailoring 
the ink’s density, the yield stress and drying kinetics. After extrusion, a modest drying elevates 
the viscosity of the paste, suffering a change from pseudoplastic to dilatant behaviour [38,40].  
 
The aqueous colloidal gels present difficulties when homogenization and prevention of 
agglomerates. It also presents problems with small nozzles and a reduced potential for 
overhang features [38,40]. However, it is simple, relatively cheap for production, has low 
toxicity and with a slow drying. Low concentrations of organics are desired to allow fast 
burnout and high densities [42]. 
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2. Colloid-filled thermoplastic polymer 
Lewis et al. [43] developed a system in which the ceramic particles were stabilised by Poly-
ethylenimine (PEI). It relies on surface chemistry and absorbed spices to achieve the desired 
rheological properties. This method permits the homogenization of the paste in a fluid state 
and then, varying the pH, bringing to the isoelectric point to achieve a gelled paste to give the 
desired rheological properties. This system permits a better flow and high solid loadings using 
low percentage of organic additives. However, it is very sensitive to small variations in surface 
chemistry and pH, which complicates the production of the paste and limits the amount of 
materials that can be printed.  
Further work [44] combines a weak hydrogel, acting as a carrier, with ceramic powder. At that point, 
the inter-particle interactions are less important, so, theoretically, it is compatible with all materials. 
What is more, the pastes formed are very stable, and can be stored without agglomerations in a gelled 
state for months. Pluronic is a copolymer of Ethylene Oxide (EO) and Propylene Oxide (PO) in a 2:1 ratio 
(see Figure 2.12a). It is soluble in cold water (T ≈ 5°C) and it forms a hydrogel at room temperature. 
The Pluronic is mixed at low temperature to ensure homogenization, and it is then gelled to obtain 
highly printable pastes [42]. 
Pluronics, also known as Poloxamers, are presented as three-block copolymers composed by 
hydrophilic blocks of EO and hydrophobic blocks of PO. Its arrangement (EO)x(PO)y(EO)x depends on its 
molecular weight and can be purposely altered. Table 2.4 summarizes the physicochemical 
characteristics of some Pluronic copolymers at 37°C. The original manufacturer BASF introduced a 
specific nomenclature for those copolymers consisting of a letter indicating the morphism of each 
copolymer (liquid (L), paste (P) and flake (F)) followed by one or two figures referring to the Pluronic 
grid shown in Figure 2.13, and providing 1/300 of the molar mass of the PO block per unimer. The last 
digits shows one-tenth of the molar mass percentage of the EO content per unimer. It is well known 
that Pluronic has a thermosensitive reversible mechanism. Due to the amphiphilic properties, Pluronics 
are known to self-assemble into micelles in aqueous solution above a critical polymer concentration 
called critical micelle concentration (CMC) at a fixed temperature or above a critical micelle 
temperature (CMT) at a fixed concentration (see Figure 2.12b). That is to say that increasing 
temperature the CMC decreases, and increasing the concentration the CMT decreases [45,46]. 
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Figure 2.12: a) Pluronic F127 chemical formula [47] and b) transition from liquid to gel state of Pluronic at temperatures 
above CMT [48]. 
 
Figure 2.13: Pluronic grid colour code: physical state of copolymers under ambient conditions: green = liquid; red = paste; 
orange = flake [49]. 
Table 2.4: Physicochemical characteristic of Pluronic block copolymers at 37°C [50]. 
Copolymer MW (g/mol) Average no. of EO units Average no. of PO units CMC (M) 
L35 1900 21.59 16.38 5.3 E-3 
L121 4400 10 68.28 1 E-6 
P103 4950 33.75 59.74 6.1 E-6 
P123 5750 39.2 69.4 4.4 E-6 
F127 12600 200.45 65.17 2.8 E-6 
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Focusing on CMC, concentrations below this value forms molecular solutions with the copolymer 
unimers. At concentrations of the block copolymer just above CMC, there exists a dynamic equilibrium 
exchange between micelles and unimers. When the block concentration increases above CMC, the 
number of micelles increases, while the concentration of the unimers in equilibrium with the micelles 
usually remains constant (equal to CMC). The process of formation of micelles is known as micellization 
and can occur in a relatively broad range of concentrations, not in a single point. They are presented 
as a core region with hydrophobic PO chains surrounded by a hydrophilic EO shell. CMC is strongly 
dependent on blocks’ length. Thus, if the length of the PO chain increases, it will increase the 
hydrophobicity of the copolymer, which will favour the segregation of PO blocks into micelles. Hence, 
the CMC will result decreased. On the other hand, if the EO chain length increases, it will be increased 
the probability of contact between PO and EO within micelles’ core, which will decrease the 
hydrophobicity generating a destabilization of the micelle as shown in ref. [50].  
Apart from that, micellization strongly depends on temperature. At low temperatures, Pluronic in the 
solution forms unimers or small micelles. The reason of why micelles are formed is that the effective 
EO-EO, PO-PO and EO-PO interactions are temperature dependent. At some temperature, the PO 
block begins to dehydrate and becomes insoluble. At that point, the effective PO-PO attraction will 
dominate over the repulsive excluded-volume forces, and micelles will form. Increasing temperature 
beyond CMT, the micelles formed undergo restructuring leading to an increase in their aggregation 
number, core size, micellar shape and reduction in their degree of hydration. Pluronic micelles usually 
demonstrate increased micelle size with either increased temperature or increased concentration. 
During the gelation process, the micelles begin to contact each other through overlapping of coronas 
forming a highly ordered network, which contributes with a high modulus to the system. So, gel is 
formed through close packing of the micelles [51]. Depending on the molecular architecture, molecular 
weight, concentration and temperature, such gels may assume cubic, lamellar, and hexagonal 
structures. For example, F127 forms a cubic gel of spherical micelles at concentrations below 50 wt. % 
and at temperature above 5°C [45,47]. The formation of micelles is accompanied with an endothermic 
heating, due to the dehydration of PO groups [51]. Concentration of Pluronic has a determinate effect 
on the gelation temperature. It increases with low concentration contents.  
c) Direct write assembly 
There are basically two main systems of ink delivery; the first one correspond to a constant 
displacement extrusion and the other one a constant pressure extrusion. In the first case, the single or 
multi-nozzle moves with a fluctuation of pressure to maintain the paste’s flow. The advantage of this 
ink delivery system is that a uniform volumetric flow rate is reached. Contrary to that, for the second 
case, the pressure remains constant in the ink reservoir. This last case is less common, due to the fact 
that slight variations in rheology produce fluctuations in the extrusion flow rate [38,40]. 
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What is more, it can be found robocasting in air, where the diameter of the nozzle is commonly over 
500 μm (the reason of that is the clagging at nozzles orifice when it is finer). In this technique, the ink 
deposition rate is synchronized with the drying kinetics in order to allow sufficient yield stress in the 
underlying layers to support all the structure. Robocasting in air permits the production of large 
ceramic structure including those that present spanning features. Otherwise, it can be found 
robocasting in a non-wetting oil bath where the final drying process is supressed. It allows finer features 
patterned without clagging the nozzle. This process opens the possibility to manufacture with 
nanoparticles ink gels [38,40]. 
The four basic patterns encountered in direct ink writing are presented in Figure 2.14. The final 
diameter of the filament will be function of the diameter of the nozzle’s orifice, the rheology of the 
formulated paste and the printing speed [52]. 
 
Figure 2.14: Possible structure features for DIW [38]. 
There are complications presented in robocasting, and in other filament-based printing techniques, 
when extruding [40,43]: 
 The ink delivery system must provide enough percentage in volume of material to fill perfectly 
the space between adjacent too-path lines (when 100%-filled parts are required). The 
volumetric flow rate (Q) required for filling the space is calculated with Eq. 2.1. 
?̇? = ℎ · 𝑅𝑊 · 𝜈 Eq. 2.1 
where RW refers to the road-width or distance between adjacent tool path lines, h the layer 
thickness and v the printing velocity. As the extrusion nozzle is nearly circular, the filament 
must deform upon extrusion to fill the space traced by the nozzle.  
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 The inevitable need to stop ink delivery. For example, repositioning the nozzle on a new tool 
path, reinitiate the flow and then, continuing printing. It is important to reduce the number of 
start-stops and the distance between start-stop positions when changing tool-path lines by 
calculating algorithms of filling-patterns.  
 The consideration of stacking layers when spanning, cantilevered or floating features in tool-
path calculation. It must be calculated patterns of unsupported regions with suitable fugitive 
inks. The fugitive inks must comply that its printing, solidification and chemicals are compatible 
with the colloidal ink. The most common fugitive ink used in robocasting parts is a 
concentrated 𝜙 = 0.48 aqueous gel of carbon blank nanoparticles. 
d) Printability 
Printability defines a measure of how suitable paste’s properties are for robocasting. There are only 
two possible definitions found in the literature, which are identified below: 
1) The first one, proposed by Smay et al. [52] considers the minimum G’ required to print 
spanning structures without supports. It relates the ability of colloidal gel-based inks 
(rheological properties and deposition conditions) to their elastic properties (see Eq. 2.2). This 
minimum ink elasticity prevent from excessive sagging. A criteria was well accepted for a 
maximum rod deflection of δz ≤ 0.05·D at 𝑦 = 𝐿/𝐷: 
𝐺′𝑚𝑖𝑛 ≥ 1.4Υ𝑠
4𝐷 Eq. 2.2 
where D is the rod diameter, s the reduced span distance (𝑠 =
𝐿
𝐷
) where L refers to de span 
distance, and ϒ the specific weight of the ink (Υ = 0.25(𝜌𝑔𝑒𝑙 − 𝜌𝑜𝑖𝑙)𝑔0) where ρgel and ρoil  are 
the densities of the gel and the oil, respectively and go the gravitational constant. Spanning 
structures require a solidification time comparable with the time required to traverse the gap 
in the underlying layers.  
2) The second one (see Eq. 2.3), which is better, defines the yield stress required to withstand 
the gravity forces and surface stresses [53]. 
 
𝐸 =
𝜎𝑦𝑠
𝜌𝑔ℎ + Υ𝑠𝑅−1
 Eq. 2.3 
where E refers to a figure of merit that depends on the paste and the piece parameters, ρ 
defines the paste density, g the gravity (9.8 m·s-2) and h the height of the printed piece. σys 
corresponds to the paste’s yield stress, ϒs to the surface stress and R to the curvature radius of 
the smallest printed feature; in most of the cases equal to the radius of a single filament. 
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Figure 2.15 is relating a deformation index (𝐴/𝐴𝑡ℎ), the ratio between the printed object’s 
area A in each frame and the theoretical area Ath programmed with the printer, with the 
dimensionless number E. There is a clear limit in 𝐸 = 1 defining the printable and non-
printable pastes. The printable region (𝐸 > 1) has a shape fidelity higher than 90%. Contrary 
to that, the non-printable region (𝐸 < 1) the obtained objects are deformed [53]. 
 
Figure 2.15: A/Ath vs E of boehmite suspensions and different nozzles sizes [53]. 
Feilden et al. [54] also indicated schematically how the volume fraction of solids and the temperature 
affect whether the ink can be extruded during printing (see Figure 2.16). This representation is 
obtained for Al2O3-based ceramic materials mixed with Pluronic F-127. For low volumetric fractions of 
ceramic charge, the principal behaviour of the ceramic paste is polymeric. On the other hand, for high 
volumetric concentrations, the paste is more solid, so higher printing pressures must be applied. To 
sum up, altering the particle size distribution of the ceramic powder, it can be can altered the printable 
window. With wider size distributions allowing better packing and hence, higher volume fractions. 
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Figure 2.16: Estimated viability map for ceramic printing pastes at different temperature [54]. 
e) Applications 
Robocasting technique presents two important limitations that must be taken into account. The first 
one is the level of detail obtained in the printed parts, and the other one the complexity in final part’s 
shape that is possible to acquire. The level of detail, or resolution, strongly depends on the size of the 
nozzle. So, if very high resolution is required, the diameter of the nozzle must be narrower. Apart from 
that, the resolution will be related with the printing velocity and the layer thickness. Nonetheless, this 
will increases the production time and the pressure necessary to extrude the paste. Conversely, it is 
uncommon to find nozzles with less of 200 μm in diameter with typical ceramic pastes. On the other 
hand, surface roughness is also similar to this order of magnitude due to step-edges. Related to the 
possible geometries allowed through this technique, there is a limitation to simple forms such as grids, 
cubes, cylinders and single-walled vases, because of robocasting pieces are very crude usually. The 
problem is that these parameters are strongly dependent between them; it is very difficult to have a 
control of one of them individually [38,40].  
At present time, the commercial applications of robocasted parts are very limited in the scope. It can 
be used as a reinforcing phase in interpenetrating phase composites [55], as a catalyst support to 
increase surface area [56] or as scaffolds for filtration where high thermal resistance is required [57]. 
Now a days, the most important application for these printed parts is in tissue engineering, where 
biocompatible bone grafts are required (woodpile style scaffolds production, see Figure 2.17a) [58]. 
The reason for that is its compression strength and its porosity, the last one being the most important 
part for this application; the reason is that it allows the access of tissue cells for healing the injured 
body part, and, what is more, it allows the inflow and outflow of blood. The main motivation for 
Protocol for determinin porosity and mechanical properties in ZrO2 obtained through 3D-printing 
  31 
producing these woodpile style grafts through robocasting is that this technique is the most suitable 
for manufacturing these pieces and it allows obtaining a controlled porosity with quickness and 
relatively economic prices. On the other hand, in dental prosthesis (see Figure 2.17b) the porosity must 
be supressed, so 100% filled parts are required. That is because bacteria can access to that pores and 
begin to expand until producing infections.  
 
Figure 2.17: Examples of a) a woodpile style scaffold for bone grafts (5 mm side) [59] and b) a dental prosthesis [60] obtained 
through robocasting. 
2.2. State of the art 
Scarce information related to 3D-ZrO2 based ceramics is available in the literature. In this section, a 
brief summary of the main mechanical properties of  ZrO2 obtained through traditional processing 
routes is available too.  
2.2.1. Bulk ZrO2 materials obtained by traditional processing routes 
More than forty years ago, beginning the 70s, alloying ZrO2 with low valance oxides began to become 
popular in order to enhance its mechanical properties; these comprehending CaO, MgO, La2O3 and 
Y2O3. Focusing on Yttrium tetragonal zirconia polycristals (Y-TZP), in 1977, it was reported [23] that 
following sintering, a 98% of metastable t-phase was present in the microstructure. The experiment 
was carried on using powder of partially stabilized ZrO2 containing a low percentage of Yttrium; then 
the powder was pressed and sintered to dense bodies. Gupta et al. [23] discovered that over a 
temperature of sintering of 1500°C the total amount of t-phase on cooling falls to minims. Moreover, 
higher sintering times also reduced the quantity of t-phase. This behaviour is believed to be due to a 
change in grain size. PSZ with grain sizes below 0.3 µm was observed to enclose a high percentage of 
t-phase. Whereas for grain sizes beyond 0.3 µm high percentage of m-phase was observed. To 
conclude, specimens with higher content of tetragonal phase resulted in higher strengths in the 
material. Specifically, almost 700 MPa for specimens with 97% of t-phase.  
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Further work from Gupta et al. [61], revealed fracture toughness values ranging from 6 to 9 MN·m-3/2 
(6 to 9 MPa·m-1/2). On the other hand, hardness results reported are between 11 and 12 GN·m-2 (11 
and 12 GPa). These results were obtained through Vickers hardness test with load of 50 kgf, and the 
Evans & Charles [62] equation to measure the indentation fracture toughness. What is more, as 
observed in conventional ceramics, when increasing the density, the strength increases too. One 
important result obtained with a density of 5.6 g·cm-3 was that when the ZrO2 specimens contain a 
large amount of m-phase (≈ 90%) the strength is very low; less than 100 MPa. As the metastable t-
content is increased to about 30%, a rapid increase in strength is noted. Finally, a constant high strength 
(600 to 700 MPa) is maintained when the t-content is between 30 and 100%. The strength was 
measured through symmetrical biaxial flexure analysis.  
Sakuma et al. [63], Masaki et al. [64], Luthardt et al. [65] and Kosmac et al. [66] reported values of 
hardness, flexural strength and fracture toughness as summarized in Table 2.5. All the properties that 
are going to be mentioned correspond to a dense 3% mol. Y2O3 partially stabilized zirconia (also known 
as 3Y-TZP) in the micron scale.  
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Table 2.5: Mechanical properties of 3%mol Yttrium partially stabilized zirconia [23,63–66]. 
Reference 
Starting 
material 
Method Grain size (μm) 
Hardness 
(GPa) 
Fracture 
Toughness 
(MPa·m1/2) / 
Method 
Flexural 
strength 
(MPa) 
Gupta et al. 
(1977) 
PSZ powder 
Pressing 
Sintering 
0.32 
HV50 
 
11 - 12 
Vickers 
Evans & Charles 
 
6 - 9 
Symmetric 
biaxial bending 
test 
 
600 - 700 
Sakuma et al. 
(1985) 
Pure ZrO2 
Pure Y2O3 
Ball milling 
Pressing 
Sintering 
1673 K 
Arc melting 
Water cooling 
Lenticular 
 
L = 1 - 5 (length) 
W = 0.1 - 0.3 (width) 
HV50 
 
14 
Vickers 
Niihara et al. 
 
5 
 
Masaki et al. 
(1986) 
Pure ZrO2 
Pure Y2O3 
Calcination 
Ball milling 
a. Cold isostatic pressing +     
sintering 
a) 200 MPa & 1500°C/2h 
b. Hot pressing 
25 MPa & 1500°C/1h 
c. Hot isostatic pressing 
200 MPa & 1450°C/2h 
a. 0.5 
b. 0.5 
c. 0.4 
HV20 
 
1.2 - 1.4 
Vickers 
Niihara et al. 
 
6 
Three-point 
bending test 
 
a. 1100 
b. 1620 
c. 1600 
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Table 2.5: Mechanical properties of 3%mol Yttrium partially stabilized zirconia [23,63–66] (continuation). 
 
 
 
 
Reference 
Starting 
material 
Method Grain size (μm) 
Hardness 
(GPa) 
Fracture 
Toughness 
(MPa·m1/2) / 
Method 
Flexural 
strength 
(MPa) 
Luthardt et al. 
(2002) 
Metoxit AG 
disks 
  
HV30 
 
12.7 - 13.7 
Vickers 
Niihara et al. 
 
4.5 
Four-point 
bending test 
 
1419.5 
Kosmac et al. 
(2003) 
Powder as 
prepared 
(Tosoh) 
 
a. TZ-3YB 
b. TZ-3YSB 
c. d.TZ-3YSB-E 
Uniaxial dry pressing 
15 MPa 
Sintering 
a) 1550°C/2h 
b) 1550°C/4h 
c) 1450°C/4h 
d) 1550°C/4h 
 
 
a. 0.31 
b. 0.44 
c. 0.51 
d. 0.59 
HV20 
 
Vickers 
Antis et al. 
 
5.1 
Symmetric 
biaxial bending 
test 
 
1080 
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In 1996, Cotton et al. [67] evaluated the indentation fracture toughness of 3Y-TZP at the micro- and 
sub-micrometric length scale (grain sizes between 55 and 390 nm). Submicron zirconia was obtained 
through supplied powders 3Y-TZP with a uniaxial press, a cold isostatic pressing and finally, sintering. 
On the other hand, nano-crystalline ZrO2 was prepared through a co-precipitation of salt solutions and 
either, uniaxial pressing or centrifugal consolidation followed by a sintering process. The indentation 
fracture toughness values were reported between 2.5 and 4.5 MPa·m-1/2. These values were obtained 
through indentation hardness test under loading control mode at 0.5 and 1 kgf, and then by using the 
equation proposed by Anstis et al. [68] the required value was formulated. Compared with the results 
obtained in the micrometric length scale the indentation fracture toughness obtained was lower, that 
is due to the fact that the grain size is so small that the t-phase suffer over-stabilization and do not 
transform to m-phase; losing the capacity of toughening. However, they reported that hardness was a 
strong function of density, as known, but independent of grain size. They found values ranging between 
12 a 15 GPa for fully dense samples at the micron-, submicron- and nano- crystallite size.  
It was not since 2002, when Bravo-Leon et al. [69] reported high values of toughness for nano-
crystalline ZrO2. Their idea was to reduce the amount of the doping agent in order to decrease the 
stability of the t-phase for achieving the toughening mechanism of transformation phase. They used t-
ZrO2 with 1-1.5% mol. of Yttrium obtained also through co-precipitation of chloride salts. Then the 
powder was uniaxial pressed and sintered since obtaining dense ceramics. The samples were sintered 
at different temperatures ranging from 1050 to 1175°C and times ranging from 2 to 24 h, in order to 
produce dense samples with a range of grain sizes. The values of hardness were evaluated through 
Vickers hardness test at 0.5 kgf of maximum applied load, and the indentation fracture toughness was 
calculated by using the Niihara et al. [70] equation applied to Vickers hardness test at 20 kgf of load. 
Hardness was reported between 8 - 11 GPa, but a lack of correlation with the grain size was observed. 
Contrary to that, indentation fracture toughness decreases with grain size, as had been reported for 
micrometric-scale zirconia. The highest values of 16 - 17 MPa·m-1/2 corresponding to critical grain size 
of 90 and 110 nm for 1% and 1.5% mol. Y2O3, respectively. They concluded that for obtaining high 
toughness nano-crystalline ZrO2 is required a precise dopant/grain size ratio to place the ceramic near 
the phase transformation boundary. Thus, there is a critical grain size for each Yttrium amount in which 
the fracture toughness is optimal.  One more result expected was that finer-grain structures present 
slightly less density, due to the allotropic effect. 
Wang et al. [71] and Eichler et al. [72] studied the relation between the grain size and the flexural 
strength/fracture toughness at the submicron- and nano-metric length scale for 3Y-TZP (results 
presented in Table 2.6). They both reported that there is a critical grain size in which the mechanical 
properties are maximum. Beyond or below that value, the mechanical properties decrease. All that in 
accordance with Bravo-Leon [69]. 
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Table 2.6: Mechanical properties of 3Y-TZP nanocrystalline ceramic [71,72]. 
2.2.2. ZrO2 obtained through Robocasting 
Regarding the mechanical properties of PSZ obtained through robocasting, only one article can be 
found in the literature [73] using a similar feedstock than these used in this Master’s thesis. In their 
work, they prepared two compositions for 3Y-TZP with different initial powder. Saint Gobain supplied 
their powder and its commercial names are CY3Z-NA and CY3Z-P. The final composition of the pastes 
were the zirconia powder, polyvinyl alcohol as a binder, polyethylene glycol as the plasticizer, L-
ascorbic acid and citric acid as dispersants and deionized water. The final content of powder in the 
paste was under 38 %wt.  
The minimum grain size obtained was under conditions of sintering of 1450°C and 10 h. The results 
obtained were 0.38 ± 0.1 μm and 0.55 ± 0.18 μm for robocasted CY3Z-NA and CY3Z-P, respectively. 
However, at this minimum temperature the porosity was higher, as lower the density. As observed in 
their work, the grain size increases when increasing the temperature and sintering time. For 
robocasted CY3Z-NA the maximum grain size was 0.99 ± 0.31 μm and 1.17 ± 0.41 μm at 1500°C under 
10 and 20 h, respectively. On the other hand, the maximum grain size for CY3Z-P was reported to be 
0.84 ± 0.27 μm and 1.06 ± 0.46 μm in the same conditions aforementioned. Apart from that, when 
sintering conditions were modified to 1450°C during 10 h and, 1500°C during 20 h, the density was 
reported to be 95.9% and 96.8% of the theoretical zirconia’s density, respectively. For CY3Z-P, values 
of 97.3% and 95.8% of the theoretical density were obtained under conditions of 1500°C and 10 and 
20 h, respectively [73].  
The flexural strength was obtained performing a 3-point bending test in dense and meshed (with 
estimated 48.8% porosity in CAD models) pieces. Additionally, a Vickers hardness test performed at 5 
kgf was carried out in pieces produced with a printing velocity of 5 and 20 mm/s [73]. Table 2.7 
summarizes their results. 
Reference Method 
Critical 
grain size 
(μm) 
Fracture 
Toughness 
(MPa·m1/2) / 
Method 
Flexural strength 
(MPa) 
Wang et al. 
(1985) 
Pressing 
30MPa 
Sintering 
1400-1600°C& 2-30 h 
1.4 
Evans & Charles  
 
12 
Three-point bending 
test 
 
1000 
Eichler et al. 
(2007) 
 0.38 3.3 
Symmetric biaxial 
bending test 
 
700 
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Table 2.7: Flexural strength and Hardness obtained in Peng et al. [73]. 
 
 
 
 
 
 
 
Although Peng et al. [73] attempted to determine porosity through neutron computed tomography, 
this technique did not allowed them to characterize the micropores of < 2 μm observed by scanning 
electron microscopy (SEM). Subsequently, no information is published focused on the porosity 
characterization of these materials. Thus, the present Master thesis is interesting because it opens the 
opportunity to create a protocol for assessing porosity in 3Y-TZP pieces obtained through direct ink 
writing. 
Piece 
Sintering 
conditions 
Flexural 
strength (MPa) 
Printing velocity 
(mm/s) 
Hardness      
(GPa) 
Dense 
1450°C – 10h 216.3 ± 18.3   
1500°C – 10h 242.8 ± 11.4   
Meshed 
1450°C – 10h 57.3 ± 5.2 
5 13.29 
20 12.28 
1500°C – 10h 57.2 ± 6.8   
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3. Materials and Characterization techniques 
3.1. Materials 
This study is performed using two different types of zirconia powders supplied by Saint Gobain-Centre 
de Recherches et d’Etudes Européen (Cavaillon, France); its commercial designations known as CY3Z-
RA and GY3Z-R60. These powders correspond to 3Y-TZP. Additionally, the grade GY3Z-R60 is a ready-
to-press granules supplied with a binder system. Contrary to that, CY3Z-RA is supplied as dry powder. 
More information about their chemical composition, physical properties and/or mechanical properties 
of these materials is provided on Appendix B. 
Apart from that, and for comparing these new materials with what it is currently and well study in the 
industry, and in particular in the Centre for Research in Structural Integrity, Reliability and 
Micromechanics of Materials (Technical University of Catalonia-Barcelona Tech, Spain), TZ-3YS-E 
zirconia powder from Tosoh Corporation is analysed at the same time.  
 
Table 3.1: Chemical composition for the three investigated materials in this Master’s thesis: CY3Z-RA, GY3Z-R60 and TZ-3YS-E 
(all values listed in this table are reported in wt. %). 
   *loss on ignition 
 
 
 
Material Y2O3 Al2O3 SiO2 Na2O TiO2 Fe2O3 LOI* 
CY3Z-RA 5.4 % 0.25 % ≤ 200 ppm ≤ 200 ppm ≤ 50 ppm ≤50 ppm ≤ 1 % 
GY3Z-R60 5.4 % 0.25 % ≤ 200 ppm ≤ 200 ppm ≤ 50 ppm ≤50 ppm 2.8 ± 0.3 % 
TZ-3YS-E 5.22 % 0.254 % ≤ 0.002 % ≤ 0.008 %  ≤0.002 % 0.4 % 
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3.2. Sample preparation 
3.2.1. Paste production 
For the realization of this Master’s thesis, the pastes that are going to be printed are prepared with 60 
wt. % of ceramic particles and the rest, 40 wt. %, conformed by Pluronic F-127 mixed with deionized 
water.  
A first step for the production of a mixture with Pluronic F-127 and deionized water must take part 
with a ratio 25/75 wt. % by using a SpeedMixer DAC 150 FV equipment (see Figure 3.1a) working at 
3500 rpm during 5 min. Once the final mixture is obtained, it must rest for at least 24 hours in the fridge 
at 4°C. The temperature inside the fridge will transform the properties of this paste to a liquid-like 
behaviour as depicted in the viscosity vs. temperature curve in Figure 3.1b. What is more, air bubbles 
generated during the mixing process will be removed, and less amount of defects will be generated 
during the printing process.  
 
Figure 3.1: a) SpeedMixer DAC 150 FV equipment for mixing the pastes and b) Viscosity-temperature dependence of the 
Pluronic F127 [42]. 
Finally, the printing paste is formulated with 60 wt. % of ceramic particles and 40 wt. % of the gelling 
agent, corresponding to the Pluronic mixt prepared beforehand. Then, the mixture is mixed in steps of 
30 seconds at maximum speed (3500 rpm) until obtaining an homogeneous paste (see Figure 3.2). It is 
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important to not mix continuously because the paste is going to warm up and the polymer properties 
can result affected.  
 
Figure 3.2: Flow-chart for preparation of the printing ink. 
3.2.2. Printing conditions 
It is going to print four samples with a rectangular shape (15 x 15 x 10 mm) in a Nordson Pro series 3D-
printer, Figure 3.3. Two of them 100 % filled and the other ones 50 % filled (see Figure 3.4). For each 
filling percentage, there will be one sample from CY3Z-RA and another from GYRZ-R60 zirconia. Thus, 
it can be compared the influence of the binder in terms of printability as well as in terms of 
microstructure (e.g. porosity) and mechanical properties.  
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Figure 3.3: Automated dosification system PRO series equipment for 3D printing. 
 
Figure 3.4: CAD model and types of samples that are going to be printed: 100% filled and 50% filled in a linear pattern. 
In order to obtain these samples, it is used a plastic nozzle of 840 µm in diameter. The printing velocity 
is fixed at 5 mm/sec, and a linear pattern is going to fill the CAD volume. The pressure is going to vary 
continuously along the printing process depending on the ceramic paste between 1 and 6 bar. Also, it 
is observed that the first extruded material flows with lower pressures than the paste in the upper 
layers. This could be related to the abrasion of the nozzle and/or to instabilities of the paste during 
100 % filled 50 % filled 
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printing (i.e. drying, etc.). The printing temperature is fixed at room temperature (≈ 25°C) in order to 
reduce the invested cost.  
Afterwards, the printed specimens are stored in a cabinet with a controlled humidity (near 70 %) for 
24 h in order to gradually eliminate the humidity of the printed specimen and avoid the generation of 
microcracks among other defects. 
3.2.3. Thermal treatment 
The sintering process is performed in a sintering furnace LT 24/11 from Nabertherm (see Figure 3.5). A 
heating rate of 3°C/min is stablished from room temperature to 700°C. At this temperature the 
samples remains for 1 h. After that, the aforementioned heating rate is stablished from 700 to 1450°C. 
Where at this maximum temperature the sample remains for another hour. Finally, the cooling rate is 
fixed at 3°C/min until room temperature. The thermal cycle is shown in Figure 3.6. 
 
Figure 3.5: Nabertherm LT 24/11 furnace used in this Master's thesis to sinter the printed specimens. 
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Figure 3.6: Thermal cycle of the sintered samples. 
3.3. Rheology characterization 
3.3.1. Plate-Plate rheometer 
In order to study the rheological properties of the paste, it must be selected the adequate rheometer. 
Due to the fact that the paste is very viscous, a plate-plate rheometer (see Figure 3.7) in a continuous 
shearing mode is used. In this equipment, a plate rotates about its axis at a constant angular speed 
while the lower plate remains stationary. In a parallel plate rheometer, shear rate (?̇?), in Eq. 3.1, can 
be calculated through [74]: 
?̇? =
𝑅𝛺
ℎ
 Eq. 3.1 
where R  is the plate’s radius, Ω the angular speed and h the distance between plates. On the other 
hand, the shear stress (τ) can be determined through Eq. 3.2: 
𝜏 =
3𝑀
2𝜋𝑅3
(
3
4
+
1
4
𝑑𝑙𝑛(𝑀)
𝑑𝑙𝑛(?̇?)
) Eq. 3.2 
where M is the registered torque and the last term is the Rabinowitsch’s correction for non-Newtonian 
fluids. The main drawbacks of this method are the limited strain rate range of measurement and the 
slippage of the fluid and the plate. 
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Figure 3.7: Plate-plate rheometer scheme [74]. 
For rheology analysis, it must be assumed that [74]: 
(i) A developed flux, that is to say that the velocity of the flux is independent from time, 
(ii) The fluid remains at constant temperature along the entire test, 
(iii) There is no sliding between the wall and the paste and 
(iv) The fluid is incompressible, so pure shear takes place. 
Because of working with viscoelasticity, shear stress (τ), Eq. 3.3 and Eq. 3.4, and deformation (γ), Eq. 
3.5, being function of time have a sinusoidal form such that [74]: 
𝜏(𝑡) = 𝜏𝑜 sin(𝑤𝑡 + 𝛿) Eq. 3.3 
𝜏(𝑡) = 𝜏𝑜 sin 𝑤𝑡 cos 𝛿 + 𝜏𝑜 cos 𝑤𝑡 sin 𝛿 Eq. 3.4 
𝛾(𝑡) = 𝛾𝑜 sin(𝑤𝑡) Eq. 3.5 
where τo is the shear stress amplitude, γo the shear rate amplitude, w the frequency and δ is the phase 
shift between the deformation (stimuli) and the shear stress (response).  Here it can be found two 
components, one in phase with the deformation 𝜏𝑜 · cos 𝛿, and another one out of phase 90° with the 
deformation 𝜏𝑜 · sin 𝛿. Thus, it can be represented as a complex module of a combination of two 
vectors, which are the elastic and the viscous modulus. 
By definition of the law of elasticity for oscillatory shear tests [74]: 
𝐺∗ =
𝜏𝑜
𝛾𝑜
 Eq. 3.6 
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It describes the entire viscoelastic behaviour of a sample and is called the complex shear modulus. 
Thus, it can be rewritten that [74]:  
𝐺∗ = 𝐺′ + 𝑖𝐺′′ Eq. 3.7 
𝐺∗ = √𝐺′2 + 𝐺′′2 Eq. 3.8 
where G’ is the storage modulus and G’’ the loss modulus. The storage modulus, Eq. 3.9, represents 
the elastic portion of the viscoelastic behaviour, which quasi describes the solid-state behaviour of the 
paste. The loss modulus, Eq. 3.10, characterizes the viscous portion of the viscoelastic behaviour, which 
can be seen as the liquid-state behaviour of the sample [74].  
𝐺′ =
𝜏𝑜
𝛾𝑜
cos 𝛿 Eq. 3.9 
𝐺′′ =
𝜏𝑜
𝛾𝑜
sin 𝛿 Eq. 3.10 
Viscous behaviour arises from the internal friction between the components in a flowing fluid. Thus, 
between molecules and particles. This friction is accompanied by the development of frictional heat, 
and consequently, with the transformation of deformation energy into heat energy. This part of the 
energy is absorbed by the sample and no longer available. This loss of energy is also called energy 
dissipation. Contrary to that, the elastic portion of energy is stored in the deformed material, for 
example, for avoid overstressing or overstretching the sample. When the material is later released, this 
unused stored energy acts as a driving force for reforming the structure in its original shape [74].  
Finally, the loss factor in Eq. 3.11. This factor describes the ratio of the two portions of the viscoelastic 
behaviour (the viscous and the elastic parts). For ideally elastic behaviour δ = 0°; there is no viscous 
portion, therefore, G’’= 0. Contrary to that, for ideally viscous behaviour δ = 90°; there is no elastic 
portion, therefore, G’ = 0 [74]. 
tan 𝛿 =
𝐺′′
𝐺′
 Eq. 3.11 
Complex viscosity, in Eq. 3.12, is easily calculated by dividing the complex modulus and the angular 
velocity [74]: 
𝜂 =
𝐺∗
𝜔
 Eq. 3.12 
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In this Master’s thesis the rheological tests are conducted by using a MCR302 plate-plate dynamic 
rheometer equipment from Anton Paar (see Figure 3.8). 
 
Figure 3.8: MCR302 rheometer for rheology analysis [75]. 
3.4. Microstructural characterization 
3.4.1. X-Ray diffraction 
X-Ray diffraction (XRD) is a way to receive information about the arrangement of atoms inside a crystal, 
because the atoms are disposed in an organized network inside a solid. Thus, with this technique the 
crystalline structure can be determined. Once the X-ray beam hits the surface of the sample, due to 
the crystalline structure, this beam will be dispersed and a collector will receive this signal. A fingerprint 
for each phase will be patterned depending on its chemical composition and atomic arrangement. A 
scheme of how XRD occurs and its main parameters are figured in Figure 3.9a [76]. 
The main applications for this technique are: identification of chemical composition and crystalline 
structure in powder, quantification of polymer crystallinity through a ratio of determined intensity, 
quantification of residual stresses through the calculation of the interatomic distance and 
determination of textures in crystals (the texture is defined by the preferred orientation of the crystals) 
[76,77]. 
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Figure 3.9: a) Scheme of how XRD works [76] and b) scheme of how X-ray radiation is obtained [78]. 
The X-ray radiation is obtained in an X-ray tube in which a cathode emits electrons to an anode. The 
electrons interact with individual atoms of the anode material. Two types of interactions produce 
radiation. An interaction with the atomic nucleus produces Bremsstrahlun x-ray photons; an 
interaction with electron shells produces characteristic X-ray emission. This last one being of interest 
for this purpose. If a photon has the sufficient energy, when meeting the orbital electrons, ejects an 
electron from the internal layers to the externals. For compensating the total energy, an electron from 
the external layers has to move to the internal layers. In this last step the X-ray is generated. There are 
three types of electron layers in a nucleus known as K, L and M, depending in which layer the 
compensation is produced, several types of radiation will be formed (distinguished by its intensity and 
wavelength). Figure 3.9b shows that performance in a scheme. It is important to obtain a 
monochromatic source (although it is impossible because X-rays consist of several characteristic 
wavelengths) and work with kα radiation, which is the most intense one. In order to obtain this type of 
radiation, metal filters must be applied for removing radiation below the filter limit [76,78]. 
Once obtained the monochromatic beam with the same order of magnitude of the atomic spacing, the 
beam strikes the sample. Then, a dispersion of X-rays in all directions will occur. These electromagnetic 
waves in contact between them can be cancelled or intensified; this last possibility known as 
diffraction. Finally, the collector receives the diffracted X-rays and it is obtained a graph where the 
peaks refer to these constructive interferences [76,78]. Figure 3.10 exhibits an example of a pattern 
obtained through this technique for 3Y-TZP [79]. 
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Figure 3.10: Example of a XRD pattern obtained for 3Y-TZP [79]. 
This reinforced X-Rays satisfy Bragg’s law. This relation (see Eq. 3.13) indicates that for having two 
phased waves, the difference of path covered is equal to an integer number multiplied by its 
wavelength, which is geometrically demonstrated in Figure 3.11 [76]. 
2𝑑 sin 𝜃 = 𝑛𝜆 Eq. 3.13 
 
Figure 3.11: Geometrical analysis of Bragg's law [76]. 
where d is the interatomic distance, ϴ the angle between the incident beam and the dispersion planes, 
n an integer number referring to the diffraction order (typically, 1) and λ, the wavelength.  
The interatomic distance is closely related to the network parameters of a crystalline structure (a, c, 
etc.). Thus, knowing which planes are going to diffract, it is possible to know the lattice parameter of a  
crystalline structure (see Table 3.2) [76]. 
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Table 3.2: Relationship of the microstructural parameters and diffracting planes for main crystal systems [76] 
 
XRD is implemented in order to obtain the structural phases present in the as-received powder and in 
the final printed specimens. XRD data is collected with a diffractometer (Bruker D8 ADVANCE, Figure 
3.12) using CuKα radiation (λ = 1.5406 Å) (40 kV and 40 mA). The spectres are obtained in the ranges of 
10° < 2Ө < 90° at a scan rate of 2 s/step and with a scan size of 0.02°. 
 
Figure 3.12: Bruker D8 ADVANCE equipment for microstructure analysis. 
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3.4.2. X-Ray micro computed tomography 
Another structural characterization technique is X-ray micro computed tomography (micro-CT). This 
non-destructive imaging tool achieves a 3D visualization of the sample that is being analysed. First of 
all, a 2D image of a cross-sectional plane is obtained by X-ray, also known as tomogram (2D-spectra). 
The X-ray source emits X-rays to the sample, and it is recorded in an X-ray detector as a 2D projection 
image. The sample is then rotated a fraction of a degree and another X-ray projection is taken. This 
step is repeated until 180° or 360°. Then, with the sum of the all cross-sectional planes of the sample, 
and a phase of reconstruction called back-projection, the final 3D image is produced [80]. 
The equipment, as shown in Figure 3.13, consists of a X-ray tube and a radiation filter, as 
aforementioned in XRD (see section 3.4.1); a collimator with the purpose of focusing the beam in a 
geometry such as a fan or cone-beam; the specimen stand which rotates with the held sample and the 
phosphor-detector/charge-coupled device camera. This process is based on the attenuation of the X-
rays passing through the sample. So, as presented in Eq. 3.14, the intensity of the beam at a distance 
x of the source is calculated as [80]: 
𝐼𝑥 = 𝐼𝑜𝑒
−𝜇𝑥 Eq. 3.14 
where Io is the intensity incident beam, x the distance from the source and μ the linear attenuation 
coefficient. This last coefficient will depend on the material of the sample and the source energy [80]. 
Micro-CT allows the possibility of evaluating pore morphology and the determination of closed pores, 
apart from other internal features. The main drawback of this technique is that the resolution is limited 
(≈ 1 μm) and only macro-porosity can be studied [80].  
 
Figure 3.13: Assembly of the main parts of a micro-CT equipment [80]. 
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In this Master’s thesis the X-ray image adquisition is performed with a Skyscan 1272 equipment (see 
Figure 3.14) from Bruker. The conditions are 4 μm of resolution using a Copper filter. Once obatined 
the images, the analysis is completed with CTAn software from Bruker, too. More information about 
the utilized software to reconstruct porosity can be found in ref. [81]. 
 
Figure 3.14: Skyscan 1272 equipment for micro-CT analysis. 
3.4.3. Brunauer Emmett Teller & Barret Joyner Halenda methods: Gas Adsorption 
Another non-destructive technique for pore analysis is the Brunauer Emmett Teller (BET) method. This 
method is also well covered by ISO 9277. With this method it can be calculated the specific surface 
area (SSA), without pore shape hypothesis, in micro-, meso- and macro-pores through the adsorption 
isotherm (quantity of adsorbed gas at each pressure and temperature). In this technique, a gas, 
generally N2, is introduced in a chamber containing the sample at increasing relative pressure. The 
adsorption of gases onto solid surfaces is the result of physical forces of interaction (or chemical forces). 
Here, it is important that no-reactions take place on the surface of the sample in order not to alter its 
morphology. Thus, physical adsorption must be conducted to calculate SSA [82]. 
Its theoretical basis is an extension of the Langmuir theory, which is a theory of monolayer molecular 
absorption, applied to multilayer adsorption. The thermodynamically derived equation is called BET 
equation (see Eq. 3.15), and had monitored the following hypothesis [83]:  
(i) Surface is energetically homogeneous. All adsorption sites on the bare surface are equivalent 
in adsorption energy. 
(ii) There is no lateral interaction between adsorbed molecules. 
(iii) The adsorption energies in second and higher layers are equal to the condensation energy of 
the adsorptive. 
𝑃/𝑃𝑜
𝑉(1 − 𝑃/𝑃𝑜)
=
1
𝑉𝑚𝐶
+
𝐶 − 1
𝐶
𝑃/𝑃𝑜
𝑉𝑚
 Eq. 3.15 
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where V is the volume adsorbed at pressure P and absolute temperature T, Po is the saturated vapour 
pressure of the gas at temperature T, Vm is the volume of adsorbed gas in the case of monolayer 
covering, and C the BET’s coefficient equivalent to the adsorption energy. The BET theory is great 
accepted for N2 gas at a temperature 78 K with a relative pressure ratio up to 0.35 [82]. 
Figure 3.15 shows how the adsorption gas is first forming a monolayer on the surface at relative low 
pressures. Then, it continues forming layers as the relative pressure is increasing. The BET specific 
surface area is evaluated once the first layer has totally covered the surface and the multi-layer 
coverage begins to form (at a pressure ratio of 0.3, typically). As the pressure continues increasing 
towards saturation (pressure ratio of 0.995), larger pores are filled and the adsorptive gas condense 
inside the pores. The adsorptive gas pressure is then reduced incrementally, evaporating the 
condensed gas from the sample. Evaluating the adsorption and desorption branches of these 
isotherms and the hysteresis between them, it can be revelled the total pore volume [82,84].  
 
Figure 3.15: Scheme of adsorption process in the BET method [82]. 
Barret Joyner Halenda (BJH) theory is based on the capillary condensation phenomena and allows the 
evaluation of the pore size distribution pattern and the total pore volume. This is achieved through the 
Kelvin’s equation (see Eq. 3.16) and assuming that all pores are rigid and of regular shape [84]. 
𝐿𝑛
𝑃
𝑃𝑜
= −
2Υ𝑙𝑔𝑉𝑚
𝑅𝑇𝑟1
 Eq. 3.16 
where P is the actual pressure, Po is the saturated vapour pressure of the gas, ϒ is surface tension, Vm 
is the volume molar of the liquid, R is the universal gas constant, T the temperature and r the radius of 
pore. 
↑P 
↓P 
↑P ↓P 
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This analysis is performed for the provided feedstock as well as for the printed pieces, in order to 
calculate specific surface area. For the raw material, the outgasing station is performed under 
conditions of heating velocity of 3.5°C/min until 90°C and a pressure void of 10 μmHg. On the other 
hand, the conditions for the printed specimens are 3.5°C/min, 250°C and 10 μmHg. Finally, the analysis 
station is performed using liquid N2 for both cases. The equipment used is ASAP 2020 from 
Micromeritics (see Figure 3.16). 
 
Figure 3.16: ASAP 2020 equipment for porosity and SSA analysis [85]. 
3.4.4. Laser diffraction particle size analyser 
Laser diffraction particle size analyser is an apparatus meant to perform in-situ analysis on powder in 
order to obtain its particle-size distribution. It is a well stablished technique covered by ISO 13320 and 
based on Mie’s theory [86]. When a continuous parallel beam of coherent light illuminates a spherical 
particle, it forms a diffraction pattern. This diffraction pattern is large compared with the geometrical 
image of the particle. Thus, a lens and a detector must be placed at the focal plane in the light path 
after the particle. This lens will focus the un-diffracted light to a point on the axis and, the diffracted 
light will form a pattern composed by rings around a central spot. Therefore, two different patterns 
are obtained [87,88]:  
(i) One, which is very narrow and regards to the entrance whole of the light and  
(ii) The other one regarding to the particle size.  
  Master’s thesis 
54   
Figure 3.17 shows a scheme of the aforementioned equipment. Movement of the particle being 
analysed will not cause movement in the diffraction pattern. The reason is that light diffracted at an 
angle Ө, always give the same radical displacement in the focal plane [87,88]. 
 
Figure 3.17: Scheme of the optical configuration of a laser diffraction equipment [87]. 
The intensity distribution is maximum at the centre of the diffraction pattern and reduces its amplitude 
as the radius increases (see Figure 3.18a). Hence, the total diffracted light will be function of the 
diffracting area. The diameter of the diffraction pattern is inversely proportional to the size particle. 
For that reason, with small particle sizes, the pattern of the diffracted light is spread slightly to the 
periphery (as shown in Figure 3.18b). At that point, photometric measurements are necessary. By 
analysing the light energy within a ring in the focal plane, it is able to obtain the particle size distribution 
[87,88]. 
For samples composed of different size, but spherical, the total energy inside a ring, with radius a and 
b, is equal to the sum of values of energy for each particle size (see Eq. 3.17). Then [88]: 
𝐸𝑎,𝑏 = 𝐶 ∑ 𝑁𝑖𝑆𝑖 [(𝐽0
2 − 𝐽1
2)
𝑎
− (𝐽0
2 − 𝐽1
2)
𝑏
]
𝑖
𝑖=𝑁
𝑖=1
 Eq. 3.17 
where C is a constant which depends on laser power and transmissivity of optics, N is the number of 
particles, and S is the intercepted area by each particle. Being J0 and J1 the first two Bessel functions. 
Here, 𝑖 = 1 corresponds to the smallest particles and 𝑖 = 𝑁 to the largest ones.  
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Figure 3.18: a) Evolution of diffraction pattern with particle size [88] and b) light intensity distribution pattern for different 
particle sizes [89]. 
Then, a microprocessor analyse the integral diffraction pattern. The whole pattern is decomposed into 
successive adjacent rings, excluding the central one. The set of energy measurements calculated inside 
the ring will be closely related to the particle size distribution. So, the total range is divided into a certain 
number of contiguous families, and inside each family variations of Bessel functions are formulated.  
One important point to take into consideration is that the analysis is only possible when the particle 
size is over the wavelength of the light. Therefore if a He-Ne laser is being used (λ = 0.6328 µm) the 
minimum particle size that can be analysed is 0.7 µm [87,88]. 
Beckman Coulter patented a technique named polarization intensity diffraction scattering to detect 
small particles, such as 10 nm, and distinguish non-spherical particles. As known, particles with sub-
micron sizes have similar light scattering patterns. Conversely to that, with a vertically polarized light 
source different scattering patterns and finer structures are obtained. Polarization intensity diffraction 
scattering is based on Mie’s theory. However, it takes the advantage of the light’s transverse nature. 
When a polarized light of a specific wavelength illuminates a sample, a dipole of the electrons in the 
material is stablished due the oscillating electric field. These oscillations will be the same as the 
propagated light source. The oscillating dipoles in the particles radiate light in all directions except that 
of the irradiating light source. A sample is sequentially illuminated by three different wavelength of 
light, first with vertically polarized light and followed by horizontally polarized light. By analysing the 
differences between the horizontally and vertically radiated light for each wavelength, the particle size 
distribution can be obtained [90].  
In order to analyse the particle size distribution, a MasterSizer3000 equipment (see Figure 3.19) with 
an Hydro EV accessory is implemented. To examine the size particle of the powder supplied by Saint 
Gobain-CREE and Tosoh, beforehand, one must prepare a solution with the ceramic particles with the 
appropriate solvent. For this case, the solvent used is deionized water. Complement to that, the beaker 
from the accessory must also be filled with the same solvent. The non-spherical model was used for 
the analysis. Based on Mie’s theory and on polarization intensity differential scattering, two different 
light sources were employed: one red light produced by a He-Ne laser (λ = 632.8 nm) and a blue light 
from a blue LED (λ = 470 nm). Moreover, it must be provided the refractive index from the material 
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analysed and the dispersant (2.148 for ZrO2 and 1.33 for water) and, the absorption index (1 for ZrO2). 
The measurements are performed with a duration of 10 seconds for each of the lights. There are 
executed three sequences of ten measurements with a retardation between sequences of 1 min. 
Finally, the velocity implemented in the accessory is of 2500 rpm and 50 % for ultrasounds analysis. 
 
Figure 3.19: MasterSizer3000 equipment for laser diffraction analysis. 
3.4.5. Thermogravimetry 
Thermogravimetric analysis (TGA) is a technique in which the mass of the sample is monitored versus 
time or temperature. In other words, it measures mass change in a controlled environment. The first 
case is a dynamic analysis in which temperature increases, typically, linearly. In the second case, the 
experiment is performed at a constant temperature and the weigth loss is measured with time. TGA is 
used to determine the thermal stability by detecting effects of temperature change such as 
evaporation, absorption, adsorption, desorption, sublimation, decomposition, oxidation and 
reduction. TGA is also a sensitive technique for analysing and quantifying the filler content of polymer 
composites. This analysis is performed in a thermo-balance which is basically composed by (see Figure 
3.20a) [91,92]: 
(i) An electronic microbalance which is going to record mass change. There are two types of 
microbalance deflection type and null-point type balances.  
(ii) A furnace with a controlled atmosphere inside. It is well known that the nature of the 
atmosphere, the pressure inside the chamber and the heating/cooling conditions are going 
to influence mass change.  
(iii)  A thermocouple which is going to measure temperature along the entire experiment. 
(iv) A sample holder. Its shape as well as its nature are going to influence mass change.  
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Furnace system can be either vertical or horizontal. Nevertheless, for horizontal furnace systems it 
must be applied a correction for the influence of thermal expansion on the length of the balance arm 
[91].  
The equipment used for this study is a Q50 thermogravimetric analyser from TA instruments (see 
Figure 3.20b). Thermal degradation is performed with approximately 10 mg samples from room 
temperature (≈ 25°C) to 600°C at a constant heating rate of 10°C/min, starting from room temperature 
(≈ 25°C). The experiments are conducted under a flow of dry Nitrogen with a purge flow rate in the 
balance and in the sample of 40 and 60 ml/min, respectively. It will be analysed the quantity of binder 
contained in GY3Z-R60 agglomerates, and the homogeneity of the pastes produced for 3D printing.  
 
Figure 3.20: a) Thermo-balance scheme [91] and b) TGA Q50 equipment for thermogravimetric analysis. 
3.4.6. Sample preparation 
Prior to microstructural and mechanical characterization, the surface to be tested must be correctly 
prepared by means of the polishing process. The polishing process is done with a rotatory manual 
Buehler Alpha polisher (see Figure 3.21a). This equipment is complemented by a set of grinders and 
polishing cloths, and specific suspensions for polishing ceramic materials (see Figure 3.21b). The idea 
is to achieve a flat surface and decrease roughness by successive polishing steps by means of 
decreasing particle size. Table 3.3 shows the polishing process used to obtain the desired 
microstructure. Do not forget the sample to be mirror-finish polished in order to obtain the best 
accuracy in images. 
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Figure 3.21: a) Buehler Alpha polishing equipment and b) set of polishing cloths and suspensions implemented for surface 
preparation. 
Table 3.3: Sequence of steps for surface polishing of the printed samples. 
Step Velocity (rpm) Time (min) Support Suspension 
1 300 3 SiC: P200 
Tape water 2 300 5 SiC: P600 
3 300 10 SiC: P1200 
4 200 10 Polishing cloth 30 μm 
5 200 15 Polishing cloth 6 μm 
6 150 20 Polishing cloth 3 μm 
7 150 30 Polishing cloth Colloidal SiO2 + H2O 
 
3.4.6.1. Sequential polishing 
For obtaining a 3D reconstruction, it is necessary to perform a sequential polishing process in order to 
extract layer by layer the desired investigation zone from the sample. Thus, it is needed to quantify the 
extracted material for each layer by observing the evolution of the Vickers’ imprint through an optic 
microscope. For that reason, first of all, it is necessary to align four Vickers’ indentations done with 1 
kgf.  
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The area for an indentation Vickers’s print can be calculated as: 
𝐴 = 24.5ℎ2 Eq. 3.18 
where h is the residual depth of the indentation. As known, Vickers’ indenters present a tip defect. For 
that reason, it is possible to re-write Eq. 3.18 as: 
𝐴 = 24.5(ℎ𝑝 − ℎ𝑜)
2
 Eq. 3.19 
where A is the projected area and hp the residual depth of the print. What is more, it is possible to 
determine the projected area from direct observation of the indentation. Thus: 
𝐴 = 𝑙2 Eq. 3.20 
 where l is the lateral length of the imprint. Finally, from the combination of Eq. 3.19 and Eq. 3.20, the 
thickness of polished sample between two steps (Δh) can be expressed as: 
∆ℎ = ℎ𝑝1 − ℎ𝑝2 = √
𝐴1
24.5
− √
𝐴2
24.5
=
𝑙1 − 𝑙2
4.95
 Eq. 3.21 
where l1 and l2 are the lateral length of two consecutive polishing steps. At that point and fixing the 
velocity of the polishing plate, considering the time for each polishing step (t), the polishing velocity in 
terms of extracted material can be calculated as follows: 
𝑣 =
Δℎ
𝑡
 Eq. 3.22 
The sequential polishing is performed in a semi-automatic polisher Phoenix 4000 from Buehler (see 
Figure 3.22) under the following conditions for removing 5 μm in depth of material: 
 Velocity of the polishing plate: 150 rpm 
  Force: 10 N 
 Polishing time: 7 minutes and 30 seconds 
 Polishing plate/paste: 3 μm 
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Figure 3.22: Phoenix 4000 semi-automatic polishing equipment. 
3.4.7. Scanning electron microscopy & Field emission scanning electron microscopy 
Scanning electron microscopy (SEM) is a type of microscope that, instead of using light to obtain 
images, uses highly energetic electrons that interact with the material under vacuum. With this 
interaction, different signals are reached (secondary electrons, backscattered electrons, Auger 
electrons, etc.) these corresponding to different types of characterization techniques; such as revealing 
topography, differences in the composition or crystallographic issues [93].  
The electron gun generates electrons and accelerates them to an energy in the range of 0.1 – 30 keV. 
Electrons are pulled out from a tungsten filament by a thermionic effect when an electric current is 
applied. These electrons are focalized by the effect of a magnetic field in the magnetic lenses and then 
the existence of scanning coils are the responsible for positioning this focalized beam through all the 
surface of the sample. When the electron beam interacts with the sample, many types of signal are 
generated as aforementioned. However, none of these signals can be displayed as an image. The 
electronic part of the detector system converts the signals to point-by-point intensity changes on the 
viewing screen and produces an image. The two signals most often used to produce SEM images are 
secondary electrons and backscattered electrons. An easy scheme of how this technique is proceed is 
shown in Figure 3.23a [93]. 
In order to get the best resolution the specimens must be perfectly cleaned and dried. In the case of 
non-conductive materials, the sample has to be coated by sputtering a conductive material (typically 
Carbon or Carbon fibres) [93].  
Field emission scanning electron microscopy (FESEM) has the same finality of a SEM and functions 
equal to it, but with higher resolution and with an increased range of energy. The greatest difference 
between both techniques regards in how electrons are generated. On one hand, SEM is based on a 
thermionic emitter in which an electrical current heats up a filament, as aforementioned. On the other 
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hand, FESEM utilizes a field emission gun (FEG); its emission reached by placing the filament in a huge 
electrical potential gradient. This provides more focalized electrons that enhances the special 
resolution and permits working with lower potentials. Thus, it is minimized the charge effect from non-
conductive materials. In addition, another characteristic from FESEM is the use of in lens detectors. 
These detectors are optimized to work at high resolution and a low acceleration potential to obtain 
the maximum efficiency of the equipment (see Figure 3.23b) [94].  
 
Figure 3.23: Basic scheme of a SEM [93] and a FESEM [94]. 
For particle size distribution analysis of the powder it is used a Neon40 Crossbeam equipment (see 
Figure 3.24a) working at 5 kV and using an InLense detector. On the other hand, porosity analysis of 
the sintered samples is performed with images taken by a Phenom XL equipment (see Figure 3.24b) at 
10 kV and using a back scattered detector (BSD). 
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Figure 3.24: a) Neon40 Crossbeam (FESEM) and b) Phenom XL (SEM) equipment for image acquisition. 
3.4.8. Density 
Two different techniques are used in this Master’s thesis to determine the density of the powders and 
bulk printed specimens: Helium pycnometry and the Archimede’s principle method. 
3.4.8.1. Helium pycnometry  
True density is an intrinsic characteristic of a material that depends on its chemical nature (molecular 
weight) and crystalline structure (lattice parameters). However, the pycnometric density is at the 
moment the closest approximation to true density. This method is covered by ISO 12154. It is an 
automatic apparatus that calculates the exact volume occupied by the material without considering 
porosity. Thus, Helium (He) penetrates into the smallest pores and cervices to permit approaching the 
real volume of material [95].  
Basically, using He it can be determined the volume of the sample by measuring the pressure change 
of He in a calibrated volume. So, if the sample weight is specified, automatically, the density of the 
material is approximated. Two main stages determine the procedure of this technique: First, purges 
are necessary in order to clean up the sample and remove air and moisture from inside the chamber. 
Then, the volume is measured through filling the sample with He to the required filling pressure. Finally, 
the gas expand in the expansion cell and the final equilibrium pressure is recorded; Figure 3.25a shows 
a schematic diagram for the two stages to be performed for volume calculation. The volume of the 
sample is calculated according to Eq. 3.23 [95]: 
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𝑉𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑉𝑠𝑎𝑚𝑝𝑙𝑒 𝑐𝑒𝑙𝑙 −
𝑉exp 𝑐𝑒𝑙𝑙
(
𝑃𝑟
𝑃𝑓
⁄ ) − 1
 
Eq. 3.23 
where Vsample cell and Vexp cell are the volume of the sample cell and the volume of the expansion cell, 
which are determined automatically by calibration, Pr is the run fill pressure and Pf  the final pressure 
at equilibrium. 
The equipment used for this analysis is AccuPyc 1330 from Micromeritics (see Figure 3.25b). A mean 
value is obtained through performing ten times the sequence of pressure analyses. 
 
Figure 3.25: a) Schematic diagram for an automated pycnometer [96] and b) Accupyc 1330 for pycnometric density analysis. 
3.4.8.2. Archimedes’ principle 
The Archimedes principle is another way to determine the density of a material. Firstly, the material is 
weighted submerged in distilled water and, then, weighted out of the water. Once obtained these 
values, the density is calculated using the formula provided in Eq. 3.24 [97].  
𝜌 = (
𝐴
𝐴 − 𝐵
) (𝜌𝐻2𝑂 − 𝜌𝑎𝑖𝑟)𝜌𝑎𝑖𝑟  Eq. 3.24 
where A is the weight of the material out of the water, B is the weight of the material submerged in 
water and ρH2O and ρair the density of distilled water and air at a given temperature. What is more, it 
can be calculated the relative density (see Eq. 3.25) and its closed porosity (see Eq. 3.26) if the original 
density value of the material is known.  
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𝜌𝑟𝑒𝑙 =
𝜌𝑠𝑎𝑚𝑝𝑙𝑒
𝜌⁄  Eq. 3.25 
%𝑝𝑜𝑟 = 100(1 − 𝜌𝑟𝑒𝑙) Eq. 3.26 
This density test is performed in a XS205DU balance from Mettler Toledo at 25°C (see Figure 3.26). 
 
Figure 3.26: XS205DU balance for measuring density through Archimedes’ principle. 
3.5. Mechanical characterization 
3.5.1. Vickers hardness test 
First of all, the definition of hardness reveals the resistance of a material to indentation. For that 
reason, this mechanical property is measured through the depth of an indentation produced by an 
indenter [98]. For defining this process, the normative ISO 6507 explains for the case of Copper and 
Metals how to perform a Vickers hardness test.   
This test only works under loading control mode by imposing a fixed force and a given indenter; these 
parameters vary depending on the material that is going to be tested. In that case, for a Vickers 
indentation test, the indenter, which is fabricated with diamond, has a tetrahedral pyramidal shape 
with 136° between edges; Moreover, the load can oscillate between 10 and 100 kgf depending on the 
material and the thickness of the sample. Once the test is done, the numeric value of hardness is 
obtained dividing the load (kgf) with the print surface produced by the indenter (mm2), which is 
represented in Eq. 3.27. A basic scheme of the Vickers hardness test is presented in Figure 3.27 [98]. 
Protocol for determinin porosity and mechanical properties in ZrO2 obtained through 3D-printing 
  65 
 
Figure 3.27: Scheme of a Vickers hardness test [98]. 
This process estimates the Vickers hardness optically, with the determination of the length of the 
diagonals of the print produced. Then, the final result of hardness is acquired through a formula (see 
Eq. 3.28) [98]: 
𝐻𝑉 =
𝐹𝑜𝑟𝑐𝑒
𝐴𝑟𝑒𝑎
=
𝑃
8
𝑑2
2
2 sin
136
2
 Eq. 3.27 
𝐻𝑉 =
1.854𝑃
𝑑2
 Eq. 3.28 
where P refers to the testing load and d to the diagonal of the print. Also, is it possible to express the 
Vickers hardness as a function of indentation’s depth, h (see Eq. 3.29) [98]: 
𝐻𝑉 =
𝑃
4ℎ2 tan (
136
2
) √1 + tan2(
136
2
)
 
Eq. 3.29 
Some important considerations for realizing this test are [98]: 
(i) Polishing the surface and adequate the force, in order to avoid improper results because of 
considering the interaction of the indenter with surface roughness. 
(ii) The distance between indentations in ceramic materials must be at least 10 times the depth of 
the indentation in order to avoid overlapping effect (interaction of plastic fields of one imprint 
with another one). 
For this Master’s thesis, Vickers hardness is performed through a DuraScan G-5 equipment (see 
Figure 3.28) at 10 kgf of load. After on, the imprints are observed in an optical microscopy 
(Olympus BX53M) and hardness is evaluated from these images with ImageJ.  
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Figure 3.28: DuraScan G-5 equipment for hardness measurements. 
3.5.2. Indentation fracture toughness 
The fracture toughness (Kc), or critical stress intensity factor, is an important parameter required for 
the prediction of the mechanical response of structural materials. Therefore, the Kc value defines the 
resistance of the material to instable propagation of cracks. There are many ways to determine fracture 
toughness in materials, but this Master’s thesis is only focusing on indentation fracture toughness. The 
relative simplicity to generate sharp cracks through indentation makes this technique suitable for 
approximating this value for the mode I critical stress intensity factor KIc. Through the measurement of 
these crack lengths, it is possible to obtain a close estimation of the KIc of the material [99]. 
Because of the high versatility of the indentation technique, numerous indentation fracture models 
have been reported in the literature. These are classified in two groups: In one group it is assumed that 
the cracks formed as a result of Vickers indentation are well developed radial-median, 'halfpenny' 
shaped cracks (see Figure 3.29a), and in the other group it is assumed that radial Palmqvist cracks are 
formed (see Figure 3.29b). It is experimentally demonstrated that for Vickers indentation data with c/a 
≤ 3, the crack system is Palmqvist in nature rather than radial-median [100]. 
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Figure 3.29: Schematic representation of a) halfpenny radial cracks and b) radial Palmqvist crack [100]. 
Eq. 3.30 is the most widely used equation to determine indentation fracture toughness in brittle 
materials. It implements the use of the Young’s modulus, E, the hardness, H, the applied indentation 
force, P, and the length of radial cracks, c. The parameter δ is a dimensionless constant that is 
calculated from experimental calibrations as reported in ref. [99]. 
𝐾𝐼𝑐 = 𝛿√
𝐸
𝐻
𝑃
𝑐3/2
 Eq. 3.30 
However, this equation is only valid in the case of semi-circular cracks centred on the point in which 
the indenter makes contact with the surface. Generally, cracks do not have a semi-circular form, 
instead of that semi-elliptical cracks are formed. Thus, corrector factors that takes into account its 
eccentricity must be applied to the equation. Otherwise, in materials with high toughness, it can be 
formed four semi-elliptical cracks, on for each vertex, named Palmqvist cracks (see Figure 3.29b) [99].  
In this Master’s thesis it is going to be estimated the indentation fracture toughness by using a constant 
applied load of 10 kgf and the Nihiara et al. [70] relation among all the empirical relations proposed in 
the literature (see Eq. 3.31). 
𝐾𝐼𝑐 = 0.0089 (
𝐸
𝐻
)
2/5 𝑃
𝑎𝑙1/2
 Eq. 3.31 
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3.5.3. Nanoindentation 
Nanoindentation is a widely used method for the study of mechanical properties of materials on small 
scales. The equipment is composed by: a capacitive displacement gauge that monitors the vertical 
motion, specifically designed support springs, an electromagnetic system (a magnet and a coil) for 
generating forces and, the diamond tip that penetrates the material from few nanometres to few 
micrometres; as it is presented in Figure 3.30. Depending on what is wanted to measure it can be found 
different tip geometries [101]. Berkovich tips are used for obtaining hardness and elastic modulus, 
spherical tips for defining the indentation stress-strain curves, flat punch tips analyses the complex 
modulus, cube-corner tips permits to induce cracks at the corners of the imprints to estimate the 
indentation fracture toughness, sphero-conical tips for scratch measurements and wedge tip for three-
point bending [102].  
 
Figure 3.30: Scheme of a nanoindentation equipment [102]. 
Following Oliver and Pharr method [103,104], all begins with the loading (P)-unloading (h) curve (Figure 
3.31a) where it can be extracted the maximum displacement value, the maximum applied load and 
the stiffness, S = dP/dh (linear part from the unloading curve). At that point, it must be applied contact 
mechanics basis to determine the contact area. In the case of elastic contacts; Figure 3.31b exhibits 
the deformation pattern of an indentation during and after measuring. Nanoindentation hardness is 
defined as the indentation load divided by the projected contact are of the indentation. From the P-h 
curve, hardness can be obtained at the peak load as [102]: 
𝐻 =
𝑃𝑚𝑎𝑥
𝐴
 Eq. 3.32 
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Measurement of the projected contact area from P-h curve requires the contact depth (hc), which will 
be discussed later. 
Another fundamental equation proposed by King [105] relates the contact stiffness (S = dP/dh) with 
the reduced elastic modulus (Er) in axysimmetric indenters (see Eq. 3.33). This equation is obtained 
from finite element (FE) calculation. Nonetheless, its basis is derived from Sneddon relation [106] which 
is applied for all indenters that can be described as bodies of revolution.  
𝑆 = 2𝛽𝐸𝑟𝑎 =
2
√𝜋
𝛽𝐸𝑟√𝐴 Eq. 3.33 
where, S is the contact stiffness, Er the reduced elastic modulus and a the contact radius. β corresponds 
to a constant that depends on the geometry of the indenter (β = 1.034 for a Berkovich tip). Finally, the 
reduced elastic modulus, which accounts for the fact that elastic deformation occurs in both the 
samples and the indenter, can be calculated through Eq. 3.34: 
𝐸𝑟 =
1 − 𝜐2
𝐸
+
1 − 𝜐𝑖
2
𝐸𝑖
 Eq. 3.34 
where E and v are the elastic modulus and the Poisson’s ratio of the sample, and Ei and vi the same 
quantities for the indentation tip material (for diamond tips, 1141 GPa and 0.07, respectively [107]).  
 
Figure 3.31: a) Typical load-displacement curve and b) deformation pattern of an elastic-plastic sample during and after 
indentation [102,103]. 
Oliver and Pharr [104] found that the unloading curve can be described by a power law (see Eq. 3.35): 
𝑃 = 𝛼(ℎ − ℎ𝑓)
𝑚
 Eq. 3.35 
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where α and m are empirically determined fitting parameters. The unloading stiffness is calculated 
from differentiating the above equation at the maximum penetration depth (see Eq. 3.36) 
𝑆 = (
𝑑𝑃
𝑑ℎ
)
ℎ𝑚𝑎𝑥
 Eq. 3.36 
For an indenter with known geometry, the projected area is function of the contact depth. Thus, for 
the case of perfect Berkovich tips (see Eq. 3.37): 
𝐴𝑐 = 24.56ℎ𝑐
2 Eq. 3.37 
However, used indenters are not ideally sharp. For that reason, a calibration of the area function is 
necessary. There is a lead term that describes a perfect Berkovich indenter and other terms that 
describes deviations from the Berkovich geometry due to blunting of the tip (see Eq. 3.38) [102].  
𝐴𝑐 = 24.56ℎ𝑐
2 + 𝐶1ℎ𝑐
1 + 𝐶2ℎ𝑐
1/2 + 𝐶3ℎ𝑐
1/4 + ⋯ + 𝐶8ℎ𝑐
1/128 Eq. 3.38 
where C1 through C8 are constants. Finally, the contact depth (hc) can be estimated from the P-h data 
as (see Eq. 3.39): 
ℎ𝑐 = ℎ𝑚𝑎𝑥 − 𝜀
𝑃𝑚𝑎𝑥
𝑆
 Eq. 3.39 
where hmax is the maximum displacement, ε a constant that depends on the indenter geometry (ε = 
0.75 for Berkovich tips) and Pmax the maximum applied load. This analysis is based on an elastic analysis 
and fits well with hard ceramics where sink-in predominates. Thus, the Oliver and Pharr method can 
underestimate the true contact area as much as 50% for soft materials and high penetration loads 
where pile-up conditions can effort [101]. 
In this Master’s thesis, the mechanical properties at the micrometric length scale are determined by 
using the Nanoindentation technique (MTS XP Nanoindenter, Figure 3.32) equipment with a diamond 
Berkovich tip, which generates an elasto-plastic field. In order to calculate the global hardness and 
elastic modulus of the material, and not from a single grain, indentation depth is set to maximum (2000 
nm or until reaching the maximum applied load, 650 mN). Apart from that, the analysis is executed 
under constant displacement control with a strain rate of 0.05 s-1. Finally, the ZrO2’s Poisson ratio is 
held constant and equals to 0.32 as used in ref. [108]. 
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Figure 3.32: Nanoindenter MTS XP equipment for nanoindentation analysis. 
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4. Results  
4.1. Powder Characterization 
4.1.1. Particle size distribution via line intercept method 
This particle size distribution analysis is determined by using the linear intercept method (LIM) 
following the ASTM E112-13 standard. Five micrographs per feedstock are randomly recorded by using 
the FESEM. Subsequently, each image is divided in horizontally and vertically lines (around 10 lines in 
each direction) as seen in Figure 4.1. Afterwards, the particle size distribution is determined by 
counting the number of times each line segment intersects a particle. Finding the ratio intercepts to 
line length, the average particle size can be estimated fitting to probability curves. Figure 4.2 shows 
three of the different images used for analysing the distribution of particle size. For obtaining the better 
accuracy, due to the fact that it is a statistical method, high number of particles must be counted. For 
that case, the particle size distribution is approximated with a minimum of 900 counted particles.  
 
Figure 4.1: Example of how to perform the LIM method. 
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Figure 4.2: FESEM images from a) CY3Z-RA b) GY3Z-R60 and c) TZ-3YS-E employed for the LIM. 
The results for the three ZrO2 powders analysed for this Master’s thesis are represented as an 
histogram, see Figure 4.3. Afterwards, the experimental values are fitted to a bi-modal Gaussian trend 
or a Lorentzian trend. Both dry powder (Figure 4.3a and c) present a bimodal size distribution, some 
fine particles and some other coarser. On the other hand, the agglomerates of GY3Z-R60 presents a 
mono-modal distribution.  The obtained average particle sizes are summarized in Table 4.1. However, 
this methodology is not the most properly to quantify the raw powder materials due to several factors: 
(i) The feedstock is agglomerated, 
(ii) The effect of the image depth due to not having a flat material, 
(iii) The interception line is not offering real values due to the sphericity of the agglomerates in 
GY3Z-R60. 
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Thus, this method is offering information about the scale range in which the analysed particles are 
situated. 
 
Figure 4.3: Particle size distribution for a) CY3Z-RA (bimodal Gaussian fit), b) GY3Z-R60 (Lorentzian fit) and c) TZ-3YS-E 
(bimodal Gaussian fit) through the LIM. 
Table 4.1: Summary of the average particle size obtained for the three feedstocks studied in this Master's thesis. 
Material Average particle size 
CY3Z-RA 0.117 ± 0.026 μm 0.174 ± 0.123 μm 
GY3Z-R60 20.44 ± 19.34 μm 
TZ-3YS-E 79.74 ± 20.57 nm 106.19 ± 16.40 nm 
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4.1.2. Particle size distribution via laser diffraction 
The results obtained for the particle size distributions of the feedstock are presented in Table 4.2 and 
Figure 4.4. The results of particle size obtained in Table 4.2 are in clear accordance with the results 
provided in the data sheet on Appendix B, except for TZ-3YS-E (which is analysed by means of 
transmission electron microscopy, TEM, by the suppliers). 
 
Table 4.2: Results of particle size and specific surface area obtained in the MasterSizer 3000 equipment. 
Material CY3Z-RA GY3Z-R60 TZ-3YS-E 
Solvent Deionized Water 
Use of ultrasounds (50%) No Yes No Yes No Yes 
Specific surface area [m²/kg] 1647 17590 214.1 6396 3569 13020 
Dx (10) [µm] 1.1 0.239 25.5 0.396 0.489 0.266 
Dx (50) [µm] 25 0.357 62.2 1.16 11.1 0.463 
Dx (90) [µm] 68.9 0.53 122 35 125 2.2 
 
From a direct inspection of the powder size distribution when analysing the dry powder (CY3Z-RA and 
TZ-3YS-E) without using ultrasounds, it can be seen that particles begin to agglomerate. Meanwhile, it 
can be observed that the tendency of Tosoh powders is to agglomerate faster than the feedstock 
supplied by Saint Gobain-CREE (see Figure 4.4a and Figure 4.4e). Thus, the use of ultrasounds is 
necessary to make possible the dispersion of the ceramic in the solution. Using ultrasounds, it can be 
extracted in Figure 4.4b that the particle size distribution is a mono-modal distribution with a 
maximum at 0.35 μm for CY3Z-RA. On the other hand, Figure 4.4f exhibits that TZ-3YS-E powder 
presents a bi-modal distribution with higher amount of finer particle sizes of 0.4 μm, and less quantity 
of coarser sizes of near 2.5 μm. However, compared with the results obtained by the LIM it seems that 
the powder is not completely dispersed, whether forming small agglomerates.  
Contrary to that, the use of ultrasounds disaggregate the agglomerates from the feedstock in GY3Z-
R60 (see Figure 4.4d). For that, reason this commercial grade is analysed without the use of them. It is 
presented in Figure 4.4c with a tri-modal distribution with average particle sizes of 0.6, 6 and 60 μm. 
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However, the smaller particles observed in this distribution may be function of broken agglomerates 
by the force of the fan rotation. 
Finally, it can be said that this methodology is reproducible, because the realization of 30 
measurements per specimen makes the obtained curves reproducible one with another. Furthermore, 
one parameter that is extremely important is the Z-potential, which will lead to get more accurate 
values. However, the investigation of this parameter is out of the scope of this Master’s thesis. 
From the data presented along this section, it is necessary to mention that the Z-potential is a key 
parameter, which will lead to better understand the proper solvent that is necessary to conduct this 
kind of tests.  What is more, from the data obtained for CY3Z-RA and TZ-3YS-E it can be concluded that 
they present a negative zeta (Z < 0) potential when analysed in a quasi-neutral medium (pH ≈ 5).  In 
this case, the particles tends to agglomerate. On the other hand, it can be said that TZ-3YS-E has a 
lower Z-potential due to its fast agglomeration. Because of having a negative zeta potential, this 
technique must be performed in an acid medium for dry powders to ensure a complete dispersion of 
them. For more accurate explanation of this key parameter see Appendix C. 
 
Figure 4.4: Particle size distribution of a) CY3Z-RA, c) GY3Z-R60 and e) TZ-3YS-E without using ultrasounds; using ultrasounds 
the results are recorded in b) CY3Z-RA, d) GY3Z-R60 and f) TZ-3YS-E. 
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Figure 4.4: Particle size distribution of a) CY3Z-RA, c) GY3Z-R60 and e) TZ-3YS-E without using ultrasounds; using ultrasounds 
the results are recorded in b) CY3Z-RA, d) GY3Z-R60 and f) TZ-3YS-E (continuation). 
4.1.3. Specific surface area determination via BET 
The BET surface area measured for CY3Z-RA and TZ-3YS-E is around 7 m2/g (see Table 4.3). The 
obtained values for the CY3Z-RA and TZ-3YS-E are in fair agreement with those reported in the data 
sheet. On the other hand, the BET surface area obtained for the GY3Z-R60 is around 33.8 % lower than 
the value reported in the data sheet. Finally, assuming that the particles are spherical and non-porous, 
it is possible to calculate the average particle size by knowing the theoretical density and the BET 
surface area through the following equation [109]: 
𝐵𝐸𝑇 =
6
𝜌𝑡ℎ𝐷
 Eq. 4.1 
where D is the average particle size and ρth the theoretical density. However, for obtaining an accurate 
value the particles must not be agglomerated.  
 
Table 4.3: Specific surface area (SSA) obtained through BET for the three starting powders. 
Material SSA (m2/g) 
CY3Z-RA 7.0590 
GY3Z-R60 4.6326 
TZ-3YS-E 6.7434 
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There is a clear difference between specific surface area value obtained through laser diffraction 
technique and BET equipment, being for the last one higher. It is simply the fact that with laser 
diffraction technique, which is an optic measurement, the SSA value obtained is independent from the 
real shape and the porous structure of the material. While by using this technique the N2 percolates 
inside the material.  
4.1.4. Crystallographic structure 
The crystallographic structure as well as the phase content is determined by means of the X-ray 
diffraction. Figure 4.5 exhibits a XRD pattern, which is similar to those reported in ref. [79,110–115]. 
The XRD pattern for as-received ZrO2 powder presents three characteristic peaks at 2Ө equal to 30.1°, 
34.5° and 35° which correspond to (101), (002) and (110) planes of the t-ZrO2 phase, respectively. Apart 
from that, the peaks corresponding to 28.1° and 31.2° shows the presence of m-phase.  
 
 
Figure 4.5: X-ray diffraction pattern for CY3Z-RA, GY3Z-R60 and TZ-3YS-E as received powder. 
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In order to approximate the quantity of m-phase presented in the microstructure Garvie et al. [21] 
proposed an equation that after was modified and improved by Toraya et al. [110] (see Eq. 4.2). The 
amount of m-phase determined from the XRD spectra for the CY3Z-RA and GY3Z-R60 is 39.9 and 39.8 
% mol., respectively. On the other hand, TZ-3YS-E powder results in 19.35 % mol. of m-phase. 
𝛸𝑚 =
𝐼(111)
𝑚 + 𝐼(1̅11)
𝑚
𝐼(111)
𝑚 + 𝐼(1̅11)
𝑚 + 𝐼(101)
𝑡 Eq. 4.2 
For evaluating the volume fraction of m-phase the following formula (see Eq. 4.3) can be applied [110]. 
This results in a 47 % vol. for Saint-Gobain feedstock and 24 % vol. for Tosoh powder. 
𝑉𝑚 =
1.311 · 𝛸𝑚
1 + 0.311 · 𝛸𝑚
 Eq. 4.3 
The relation between d-spacing and the lattice parameter for a m-phase and t-phase are determined 
by Eq. 4.4 and Eq. 4.5. Table 4.4 indicates the results obtained for the lattice structures for each 
material. These results are in accordance with the reported literature [79,115–117]. 
1
𝑑2ℎ𝑘𝑙
=
ℎ2
𝑎2 𝑠𝑖𝑛2𝛾
+
𝑘2
𝑏2 𝑠𝑖𝑛2𝛾
+
2ℎ𝑘 𝑐𝑜𝑠 𝛾
𝑎𝑏 𝑠𝑖𝑛2𝛾
+
𝑙2
𝑐2
 
 Eq. 4.4 
1
𝑑2ℎ𝑘𝑙
=
ℎ2 + 𝑘2
𝑎2
+
𝑙2
𝑐2
 Eq. 4.5 
where dhkl indicates the interatomic distance of the microstructure, (hkl) is the diffracted plane under 
analysis, and a, b, c and γ are the lattice parameters. 
Finally, making use of Scherrer’s equation, which correlates a shape factor K (usually 0.9), the 
wavelength λ, the Bragg angle ϴ and the corrected half-width of the hkl reflection β, the apparent 
crystallite size can be calculated (see Eq. 4.6). In this case, it is calculated through the main t-peak in 
the XRD pattern.  
Dℎ𝑘𝑙 =
𝐾𝜆
𝛽 cos 𝜃
 Eq. 4.6 
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Table 4.4: Results for lattice parameters a and c, tetragonality and apparent crystallite size of the tetragonal phase. 
Material 
Monoclinic Tetragonal Dhkl (nm) 
a (Å) b (Å) c (Å) Β (°) a (Å) c (Å) 
Tetragonality 
𝒄/√𝟐𝒂 
 
CY3Z-RA 
5.17 5.26 5.27 80° 27’  3.62 5.19 1.012 43.29 
GY3Z-R60 
TZ-3YS-E 5.17 5.26 5.27 80° 27’  3.62 5.19 1.012 30.47 
 
Apart from the crystallographic measurements, it is possible to calculate the theoretical density of the 
samples under analysis by means of Eq. 4.7. This calculation is performed knowing the total molar mass 
of the chemical formulation and the lattice parameters from the crystallographic structure [109].  
𝜌𝑡ℎ =
𝑀𝑚 · 𝑍
𝑉 · 𝐴
 Eq. 4.7 
where Mm is the molecular mass, Z the number of molecules in the unit cell, V the volume of the unit 
cell and A the Avogadro’s constant (6.022·1023 mol-1). The molecular mass is adjusted through the 
zirconia composition supplied by Saint Gobain-CREE and Tosoh co. On the other hand, the number of 
molecules in a tetragonal P42/nmc (t-phase) and baddeleyite P21/c (m-phase) crystal structures are 2 
and 4, respectively [118].    
Thus, applying the aforementioned formula the theoretical density for m-phase and t-phase are 
calculated. Once obtained these values, it is applied mixing rules to calculate the total theoretical 
density. The result obtained for CY3Z-RA and GY3Z-R60 feedstock is 5.86 g/cm3. Meanwhile, because 
of less amount of m-phase present in TZ-3YS-E powder, its theoretical density is 5.91 g/cm3. 
4.1.5. Density via He pycnometry 
Pycnometric density is calculated by measuring the total volume of powder contained in a calibrated 
barrel of 1 cm3. Then, it must be measured the weight of the powder in a balance beforehand. Once 
obtained these results, they are simply divided to obtain the powder density. The density for the CY3Z-
RA and GY3Z-R60 powders are 5.39 and 4.79 g/cm3, respectively. Regarding the last one, it contains a 
polymeric binder which makes its density lower. On the other hand, TZ-YS-E, whose density is 5.32 
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g/cm3, is very similar to the powder supplied without binder by Saint Gobain-CREE. The obtained values 
are summarized in Table 4.5. 
It seems that the density obtained for the ZrO2 dry powder is a low value. Following the literature, 
Tamari et al. [119] recommends submitting the powder to an initial low gas pressure (rough vacuum) 
to avoid displacement of the powder by the gas. This method is not followed in this Master’s thesis for 
analysing the powder. 
 
Table 4.5: Results of pycnometric density for CY3Z-RA, GY3Z-R60 and TZ-3YS-E zirconia powders. 
 
 
 
 
 
4.1.6. Thermogravimetric analysis 
Performing the thermogravimetric analysis (TGA) for the GY3Z-R60 specimen it will be possible to know 
how much binder is proportioned in these agglomerates. Thus, if we follow the TGA curve (black) (see 
Figure 4.6), which is indicating the percentage of mass loss while temperature increases, it can be seen 
that the final total amount of mass in the holder is 97%. This indicates that 3% of material that has 
disappeared is from the binder and 97% remaining ZrO2. On the other hand, following the derivative 
curve (blue), it is possible to visualize that the maximum temperature of differential thermal 
gravimetric analysis (DTGA) curve is located at 378.5°C. 
Material CY3Z-RA GY3Z-R60 TZ-3YS-E 
Volume (cm3) 0.4031 ± 0.0001 0.3137 ± 0.0003 0.3001 ± 0.0003 
Mass (g) 2.171 1.501 1.596 
Density (g/ cm3) 5.39 4.79 5.32 
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Figure 4.6: Thermogravimetric curves obtained from GY3Z-R60. 
4.2. Paste characterization 
4.2.1. Plate-plate rheometer 
The rheological properties are determined at 20°C in order to fit with the printing temperature 
employed along this Master’s thesis. From the obtained results, shear stress vs. shear rate graph is 
clearly recording a Herschel-Bulkley fluid with a shear-thinning behaviour (see Figure 4.7). It is clearly 
seen that the mixtures have a yield strength and its viscosity is decreasing with shear rate. The Pluronic 
mixture (black curve) is used as reference a curve. When a ceramic charge is introduced, the shear 
stress at the same shear rate increases. The ceramic paste based on GY3Z-R60 (blue curve) presents a 
lower shear stress compared with the ceramic paste based on CY3Z-RA, resulting in a paste with a yield 
stress 400 Pa higher than the GY3Z-R60. This difference may be attributed to the polymeric binder 
present in the GY3Z-R60 agglomerates. This leading to easily extrude the paste because of the system 
is going to need less pressure to extrude the ceramic paste. 
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Figure 4.7: a) Shear stress vs. shear rate and b) viscosity vs. shear rate for Pluronic and ceramic pastes. 
On the other hand, storage modulus (G’) and loss modulus (G’’) as a function of the shear stress leads 
to visualize and quantify the point where the printing must take place. This point is defined as the point 
in which both curves cut themselves (see Figure 4.8 and Table 4.6). The trend reported in Figure 4.8 
and summarized in Table 4.6 present the same trend as explained above. In other words, the polymeric 
binder, as well as the nature of the feedstock used, slightly changes the rheological properties and as 
a consequence the paste printability. Finally, from the loss factor curve (see Figure 4.9), it can be 
extracted that incrementing shear stress the analysed pastes are increasing its loss factor. Thus, these 
pastes are increasing its viscous behaviour by acquiring more “liquid” properties. 
 
Table 4.6: Summarized results of shear stress in which the ceramic pastes must be extruded. 
Material Shear stress (Pa) 
CY3Z-RA paste 2000 
GY3Z-R60 paste 1500 
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Figure 4.8: Storage modulus and Loss modulus vs. shear stress for Pluronic and ceramic pastes. 
 
Figure 4.9: Loss factor against shear stress for Pluronic and ceramic pastes. 
4.2.2. Thermogravimetric analysis  
From the TGA analysis, it can be concluded that the pastes produced are quite approximated to the 
required composition. When degraded the entire polymer contained in the paste, the charge weight 
rendered at 600°C is near to 60 %wt. which is attributed to ZrO2. This values is close to the theoretical 
composition of the 3D-printing pastes. For comparative purposes,  Pluronic F-127 is also analysed as a 
reference to understand its own degradation process. Hence, from Figure 4.10a it can be extracted 
that this materials is going to degrade totally at a maximum temperature of DTGA analysis of 384°C.  
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The TGA curve of Pluronic F-127 presents a single degradation step, whereas two steps are observed 
in the curves for the pastes. It is observed that when the paste is open to the ambient, it begins to dry. 
This can be clearly demonstrated because of not being 100% of weight once tared the balance. From 
the paste containing CY3Z-RA zirconia (see Figure 4.10b), it can be visualized two degradation steps. 
With regard to the first stage, this degradation comes from the evaporation of water within the paste. 
This evaporation occurs near 115°C and remains 73% of material. After that stage, another degradation 
process takes place at 386°C. This stage is related to the degradation of Pluronic F-127 and produces a 
residue of 62%, which is ZrO2 powder. Finally, paste containing GY3Z-R60 illustrates a degradation 
behaviour similar to the aforementioned paste (see Figure 4.10c). A first evaporation of water takes 
place at 121°C leading to a 72% of residue. After that, another degradation process is held at 387°C 
remaining 60% of zirconia powder. However, this last degradation stage is not specific from Pluronic 
degradation. Otherwise, the binder from these agglomerates is degrading too. 
 
Figure 4.10: Thermogravimetric curves obtained for a) Pluronic F-127, b) paste containing b) CY3Z-RA and c) GY3Z-R60 ZrO2. 
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4.3. 3D-printed specimens characterization 
4.3.1. Visual inspection 
From visual inspection it can be observed that 100%- and 50%-filled specimens present the same 
geometry (see Figure 4.11). Nevertheless, specimens printed with GY3Z-R60 charge presents higher 
convexity in its filaments (see black line in Figure 4.12). Thus, the yield stress for the ceramic paste is 
not enough to overhang spanning features. The results presented above (see section 4.2.1) clearly 
demonstrates that the paste with GY3Z-R60 of ceramic charge present lower yield stress than the paste 
formulated with CY3Z-RA. 
 
Figure 4.11: Measured geometry of a) 100%-filled and b) 50%-filled specimens. 
 
Figure 4.12: Spanning features observed for a) CY3Z-RA and b) GY3Z-R60 specimens. 
When analysing the diameter of the filaments, it is observed that the upper filaments are bigger in 
diameter compared with the layers below. Thus, for CY3Z-RA specimens it is observed that the 
diameter ranges from 500 to 650 μm. Taking into consideration that the 3D-printing is performed with 
a nozzle of 840 μm in diameter, the minimum shrinkage of the filament is about 23% for the upper 
layers and 40.5% for the filament below. On the other hand, for GY3Z-R60 specimens, the diameter of 
the filament ranges from 600 to 700 μm (see Figure 4.13). The maximum and minimum shrinkage for 
this material is near 28.5% and 17%, respectively. It seems to be that the pastes are drying during 
printing and resulting in changes in the rheological properties and composition. 
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 Apart from that, it can be visualized in Figure 4.13 that the specimens present closed porosity, which 
will be quantified after on. 
 
Figure 4.13: a) and b) represent the diameter of filament from upper layers for 50-RA and 50-R60, respectively; c) and d) the 
same for layers below. 
4.3.2. Density 
The density of the 3D-printed specimens are only measured by using the Archimedes’ method due to 
the lack of sample, which is a critical parameter to determine the density by means of the He 
pycnometry.  
Within this context, applying Eq. 3.24 and taking the air and water density at 25°C as 0.0012 g/cm3 and 
0.99713 g/cm3, respectively, the density of the 3D-printed methodology is calculated an summarized 
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in Table 4.7. Apart from that, applying Eq. 3.25 and Eq. 3.26, and knowing that the original density is 
6.05 g/cm3, from the datasheet, the total relative density and total closed porosity can be measured.  
 
Table 4.7: Density of robocasted parts obtained through Archimedes' principle. 
 
 
 
 
 
 
4.3.3. Crystallographic structure 
Figure 4.14 shows the XRD spectra obtained for the printed specimens. It demonstrates that no 
monoclinic peaks are found in the XRD pattern, being the final microstructure obtained fully tetragonal. 
What is more, no-peak shift is appreciated. Tong et al. [120] reported the XRD pattern for TZ-3YS-E 
zirconia, which is very similar to that reported for Saint Gobain-CREE materials.  
Table 4.8 summarizes the lattice parameters by using Eq. 4.5. These recorded patterns and values are 
in concordance with the values reported in the literature [79,112,115,120,121]. Apart from that, and 
as presented in the column of apparent crystallite size (Dhkl), 100%-filled parts present a bigger 
crystallite size compared with the 50%-filled parts. This phenomenon may be explained because 
producing the mesh, the specific surface area is increased leading the material to extract heat faster 
than the 100%-filled specimens. For that reason, fully dense parts retain more time high temperatures 
resulting in an increased crystallite size. 
Finally, the theoretical density of the printed specimens is approximated to 6.05 g/cm3 following the 
aforementioned procedure. This result is in accordance with the provided in the data sheet (see 
Appendix B).  
 
 
Sample Density (g/cm3) Relative density (%)  Closed porosity (%) 
100-RA 5.327 88.05 11.95 
50-RA 4.581 75.72 24.28 
100-R60 5.288 87.41 12.59 
50-R60 4.367 72.18 27.82 
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Figure 4.14: XRD-pattern of the robocasted parts after the thermal treatment. 
Table 4.8: Lattice parameter, tetragonality and apparent crystallite size obtained for the robocasted parts. 
 
 
 
 
 
 
 
Material Xm a (Å) c (Å) 
Tetragonality 
𝒄/√𝟐𝒂 
Dhkl (nm) 
50-RA 
> 99 % 3.60 5.17 1.015 
45.71 
100-RA 63.31 
50-R60 45.7 
100-R60 58.77 
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4.3.4. Porosity characterization 
4.3.4.1. 2D-Porosity characterization via image analysis 
What is important to determinate at first instance is the range of porosity size present in the 3D-printed 
samples. Hence, the biggest pore size (macro-porosity) is analysed through five set of images obtained 
by optical microscope (Olympus BX51) for each sample at two different height (see Figure 4.15). One 
superficially and the other at near the half of the specimen. As it is depicted in Figure 4.16, the material 
presents a bimodal pore size distribution, macro- and microscopic pore size. Then, the finest porosity 
below 1 μm is analysed through SEM images. After that, and in order to quantify the porosity, ImageJ 
software is implemented. The following steps must be performed beforehand (see Figure 4.16): 
(i) The first step is to threshold the images in black and white in order to clarify what is pore 
(black pixel) and what is material (white pixel).  
(ii) After that, it is necessary to reduce the electronic noise.  
(iii) Subsequently, filtered the thresholded images, the required analysis can be performed.  
 
Figure 4.15: Levels in which images are taken by optical microscope. 
As it was mentioned above, two sets of porosity size can be observed in the samples. One, which is 
heterogeneous and with larger pore sizes; and another one, homogeneous and with smaller pore sizes. 
Regarding the first one, it is due to printing defects (see Figure 4.17). These defects could come from 
instabilities of the paste during printing such as drying of the paste, local heating at the nozzle walls or 
heterogeneities from mixing. On the other hand, the most homogeneous porosity, which is below 1 
μm, is intrinsic from the sintering process. These defects may be related to the ceramic particle size.  
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Figure 4.16: Processing procedure to determinate porosity through image analysis in ImageJ. 
The results from macroporosity analysis are not accurate at all because of its heterogeneity. Moreover, 
it is observed in 50-R60 sample that the biggest porosity (over 50 microns of diameter) is basically open 
to the surface (see Figure 4.17a). Apart from that, it is observed in all pieces that pore size is bigger at 
the upper layers. This, as aforementioned, seems to come from degrading of the paste inside the 
printing piston. Apart from that, the hydrostatic pressure also seems to have a terminal effect on 
porosity. As known, hydrostatic pressure can be calculated through Eq. 4.8  
𝑃 = 𝜌𝑔ℎ + 𝑃𝑜 Eq. 4.8 
where ρ is the density, g the gravitational constant, h the layer height and Po the ambient pressure. 
Thus, being constant all the parameters except the layer height, as deeper in the material, higher the 
hydrostatic pressure. Because of that, porosity in the lower layers is smaller. Alternatively, it can be 
referred to a loss of relative humidity in the pastes during printing generating a change in its physical 
and rheological properties. The results obtained analysing images taken with the optical microscope 
are presented in Figure 4.18 and summarized in Table 4.9. 
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Figure 4.17: Printing defects observed in a) 50-R60 and b) 100-RA. 
 
Figure 4.18: Pore size distribution of total porosity (macroporosity) for a) 100-RA, b) 100-R60, c) 50-RA and d) 50-R60 
obtained from image analysis. 
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Table 4.9: Range of total porosity for all the samples when optic image analysis is performed. 
 
 
 
 
 
 
As it is evident in the later representations (see Figure 4.19), all 3D- printed specimens present a similar 
micro-porosity, with an average pore diameter of near 0.3 μm. Finally, the summarized results are 
recorded Table 4.10. 
 
Table 4.10: Range of total porosity for all the samples when microposority is analysed with SEM images. 
 
 
 
 
 
Sample Total porosity (%) Closed porosity (%) Open porosity (%) 
100-RA [0.93 - 7.95] [0.85 - 7.95] [0 - 0.08] 
100-R60 [2.63 - 3.74] [2.23 - 3.82] [0.08 - 0.84] 
50-RA [5.28 - 11.56] [3.51 - 11.11] [0.45 - 2.16] 
50-R60 [0.84 - 10.82] [0.29 - 0.86] [0.09 - 10.54] 
Sample Total porosity (%) Closed porosity (%) Open porosity (%) 
100-RA [2.56 - 4.36] [2.48 - 4.23] [0.08 - 0.14] 
100-R60 [2.18 - 2.26] [2.03 - 2.19] [0.04 - 0.19] 
50-RA [0.99 - 2.11] [0.93 - 2.01] [0.03 - 0.11] 
50-R60 [2.61 - 3.45] [2.48 - 3.34] [0.06 - 0.15] 
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Figure 4.19: Pore size distribution of closed porosity (microposority) for a) 100-RA, b) 100-R60, c) 50-RA and d) 50-R60 
obtained from image analysis. 
By doing the 2D analysis of the porosity, it is only able to slightly quantify the percentage of porosity 
distributed inside of the investigated specimens. However, in order to get more detail related to the 
real percentage of porosity, as well as the pore size distribution, the shape and if the porosity is 
interconnected or not, it is necessary to perform a 3D analysis by doing a sequential polishing process 
(more information is available in section 4.3.4.2). 
4.3.4.2. 3D-Porosity characterization via image analysis 
3D modelling and analysis of porosity in the samples can be performed thanks to Avizo 8.1 software. 
Once obtained the amount of images (by means of an optical microscope Olympus BX51) necessary 
for analysing 500 μm of sample depth, this software is going to align the images, analyse them and 
model a 3D view of the current volume. 
Due to the fact that each layer is taken 5 μm in depth in respect to the previous one (see Figure 4.20a), 
100 images are necessary to complete the desired volume of investigation, around 500 μm in depth. 
After proper alignment of images, a binarization must be applied to define pore and material in the 
images. Then, a first 3D despeckle filter is applied to reduce and in the best situation be able to 
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eliminate noise. Afterwards, small spots under 48 pixels (19.64 μm2) are filled. This step is performed 
due to the huge difference of resolution between X/Y axis (0.641 μm) and Z axis (5 μm). Hence, because 
of having a lower resolution in the Z axis, in the X/Y plane, pores with diameters below 5 μm are going 
to be enclosed. Finally, the equivalent diameter of the pores is analysed and it is obtained a pore size 
distribution. The following flow chart presented in Figure 4.20b summarizes the different steps 
explained above. The total volume of interest investigated through this methodology is 1.75 x 1.38 x 
0.5 mm. 
 
Figure 4.20: a) Scheme of how images/layers are acquired and b) flow chart for 3D model pore analysis used in Avizo 8.1 
software. 
In 100-RA sample, it can be observed, from the 3D rendering model (see Figure 4.21), that the biggest 
porosity is positioned within the upper surfaces of the volume in study. Contrary to that, as the analysis 
is going to lower layers, the porosity is becoming smaller. This trend can be related to the hydrostatic 
pressure distribution along the printed specimens, being lower in the higher layers while for the lower 
layers the hydrostatic pressure is higher helping to close the internal porosity. Alternatively, it can be 
effect of the instabilities of the paste. Finally, the porosity size distribution obtained through this 
methodology is similar to that proposed for 2D analysis. The total porosity for this sample is recorded 
to be near 5.42 %. Meanwhile, closed porosity and open porosity are determined as 2.23 and 3.19 %, 
respectively (see summarized results in Table 4.11). In order to analyse the number of connected pores 
in a network it is used the Euler number (E), which is an indicator of the connectivity of an image (in 
this case E = 196) obtaining a connectivity density of 1.24·10-8 1/μm3. The Euler number is extremely 
low, which means that the printed material presents a low number of interconnected porosity. From 
Figure 4.22 and Figure 4.23 it can be extracted that there is higher number of pores with a diameter 
below 20 μm.  
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Figure 4.21: 3D rendering model of the volume of interest from 100-RA that is going to be analysed through Avizo 8.1 
software. 
Table 4.11: Total porosity for 100-RA sample obtained through Avizo 8.1 software. 
Sample 
Total porosity 
(%) 
Closed porosity 
(%) 
Open porosity 
(%) 
Connectivity density 
(1/μm3) 
100-RA 5.42 2.23 3.19 3.31E-8 
 
 
Figure 4.22: Porosity size distribution of 100-RA obtained through 3D analysis Avizo 8.1 software. 
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Figure 4.23: Porosity size distribution of 100-RA obtained through 3D analysis Avizo 8.1 software (volume percentage). 
4.3.4.3. Porosity characterization via BET 
Because of the low specific surface area (below 1 m2/g) that the 3D-printed samples present, this 
method performed with liquid Nitrogen is not possible for analysing the SSA and the porosity. Instead 
of using liquid N2, it must be used Krypton (Kr) which increases a lot the cost of the analysis. Kr has a 
saturation pressure of approximately 1/300 that of Nitrogen at liquid nitrogen temperature (267 Pa for 
Kr and 101325 Pa for N2). Therefore, compared to Nitrogen, there is in the free space above the sample 
about 1/300 the number of Krypton molecules present at the same relative pressure (see Figure 4.24). 
Since about the same number of Krypton and Nitrogen molecules are required to form a monolayer, 
this number represents a far greater proportion of the quantity dosed than in the case of Nitrogen. The 
objective is to increase the difference between the quantity of gas dosed and the quantity of gas 
remaining after equilibrium when working with samples having very low specific surface area [122].  
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Figure 4.24: Scheme of BET measurements in the analysis station from the equipment [122]. 
4.3.4.4. Porosity characterization via micro-CT 
Micro-CT analysis is not possible for 100%-filled samples. The reason is that due to the high atomic 
number of Zircon (40) and the high quantity of mass of these samples, the material absorbs the X-rays 
emitted. Thus, images obtained are not clear enough to permit the porosity analysis (see Figure 4.25). 
This characterization technique is performed in smaller cut volumes from 50%-filled parts. Despite the 
reflexion observed, less than before, the analysis can be performed in small volumes of interest of 
maximum 500 μm in depth. In this way, five different volumes are analysed from the different layers 
in order to get a statistical significance. In Figure 4.26 it can be visualized the entire 3D volume 
rendering performed with the set of images acquired though X-ray micro-tomography. 
 
Figure 4.25: In 100% filled-samples, the high amount of reflexion in the images obtained makes not possible the 
determination of porosity through micro-CT. 
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Figure 4.26: 3D volume rendering of a) 50-RA and b) 50-R60 obtained through X-ray micro-tomography. 
The amount of total porosity calculated is near 6.32 and 4.83 % for 50-RA and 50-R60, respectively. 
Apart from that, 50-RA presents a total open porosity of 4.24 and 2.16 % for the closed porosity. For 
50-R60 sample, the open porosity is equal to 4.51 % and the closed one 0.32 % (see ). The software can 
also perform a pore size distribution analysis, which is presented in Figure 4.27. As it can be extracted, 
50-R60 sample contains bigger pores than 50-RA sample. What is more, the total quantity of porosity 
of this sample is basically open, which is demonstrated with images taken through optical microscope, 
see section 4.3.4.1. Finally, connectivity density is studied in order to analyse the interconnectivity 
between pores. With the results obtained, 3.93·10-7 1/μm3 and 3.36·10-7 1/μm3 it can be expected a 
low quantity of connected pores.  
 
Table 4.12: Total porosity for 50-RA and 50-R60 samples obtained through CTAn software for micro-CT analysis. 
Sample Total porosity 
(%) 
Closed porosity 
(%) 
Open porosity 
(%) 
Connectivity density 
(1/μm3) 
50-RA [4.88 - 9.92] [1.02 - 4.01] [1.47 - 8.13] [7.93·10-8 - 1.55·10-6] 
50-R60 [1.59 - 10.4] [0.01 - 1.53] [0.06 - 10.4] [7.16·10-8 - 8.84·10-7] 
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Figure 4.27: Porosity size distribution obtained through CTAn software analysis for a) 50-RA and b) 50-R60. 
4.3.5. Mechanical properties  
4.3.5.1. Vickers Hardness 
Vickers hardness tests is only performed in 100% filled samples. Four indentations are carried out 
randomly in order to get a statistical significance in the polished surface at 10 kgf of load. Afterwards, 
in order to determinate the main diagonals, the residual imprints are measured by optical microscope 
(Olympus BX51). Finally, measuring the diagonal of the imprint and applying Eq. 3.28 the results 
reported in Table 4.13 are obtained. These results are in accordance with hardness of 3Y-TZP materials 
reported before [23,66]. 
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Table 4.13: Hardness values for 100% filled robocasted parts. 
 
 
 
 
Nevertheless, it is observed that, when measuring Vickers’s hardness in the sample 100-R60, 
sometimes the indentation fails (see Figure 4.28b). At first instance, it can be thought that the 
porosity/printing defects have influence during the test, making it to collapse. Thus, nanoindentation 
technique will be performed to practice lower depth indentations. On the other hand, for the 100-RA 
specimen, the residual imprint presents a well developed cracks at the edge of the residual imprint as 
it is depicted in Figure 4.28a. 
 
Figure 4.28: Vickers' indentations obtained from optic microscope for a) 100-RA (HV 10 kgf) and b) 100-R60 (HV 5 kgf). 
Finally, it was concluded that failure in 100-R60 sample is due to printing defects (e.g. pores, etc.) that 
allow parts within the sample being empty of material. For that reason, the indentation collapse as the 
indenter is penetrating into the sample. 
4.3.5.2. Indentation fracture toughness 
After ensuring, by polishing, that the present crack-system correspond to a Palmqvist crack (see Figure 
4.29). Nihiara et al. [70] relationship (see Eq. 3.31) is applied by taking the Young’s modulus as 230 
GPa, from the Nanoindentation results (see section 4.3.5.3). The values of the indentation fracture 
toughness are in accordance with the reported in the literature and in the material’s data sheet (see 
Appendix B). In the case of CY3Z-RA the indentation fracture toughness is 5.27 ± 0.12 MPa·m-1/2, while 
for GY3Z-R60 5.05 ± 0.41 MPa·m-1/2 (see Figure 4.30 and Figure 2.1). Viewing these results, 100%-filled 
Sample 
Hardness (GPa) 
HV10 
100-RA 12.7 ± 0.1 
100-R60 12 ± 0.7 
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specimens present an indentation fracture toughness values lower than those reported in the data 
sheet. This is due to the porosity. The reported value in the data sheet is for > 99.9 % of relative density. 
Finally, for comparing Saint Gobain-CREE zirconia powder and Tosoh’s powder, the indentation 
fracture toughness value is similar to the one reported by Kosmac et al. [66], 5.1 MPa m-1/2. 
 
Figure 4.29: Palmqvist crack system observed in 100-R60 sample. The same crack system is presented in 100-R60. 
 
Figure 4.30: Indentation fracture toughness for 100% filled specimens. Red line indicates the indentation fracture toughness 
of Saint Gobain-CREE datasheet. 
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4.3.5.3. Nanoindentation 
Figure 4.31a and b exhibits a SEM micrograph of the residual imprint array performed on 100-RA and 
100-R60, respectively.  In the right hand side of the nanoindentation array, a magnification of the 
residual imprint can be observed. In both images, no cracks or damage can be clearly observed.  
 
 
Figure 4.31: Nanoindentation image acquisition by SEM for a) 100-RA and b) 100-R60. 
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The hardness and elastic modulus trend as a function of the displacement into surface for each 
specimens can be visualized in Figure 4.32, which has been obtained through 25 indentations on each 
specimen. However, the values reported are calculated in the steady-state range of the curves when 
the values remains quite constant as a function of the displacement into surface, between 800 nm to 
1500 nm. 
Due to the fact that both samples present the same chemical composition as well as similar amount of 
pores generated during the sintering process, both specimens present a similar hardness value being 
15.7 ± 0.38 and 15.4 3 ± 0.92 GPa for 100-RA and 100-R60, respectively. On the other hand the elastic 
modulus is measured as 236 ± 4 GPa  for 100-RA specimen and 225 ± 11 GPa for 100-R60 sample.  
 
 
Figure 4.32: Mean hardness and elastic modulus vs. displacement results for a) 100-RA and b) 100-R60. 
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5. Discussion 
5.1. Feedstock characterization 
The first step is to characterize the feedstock; in this case, powder. The best way in order to determine 
particle size of the powder is through laser diffraction. However, it must be taken into consideration 
the Z-potential of the material in order to choice the adequate medium to disperse the particles within 
the solution. In this Master’s thesis, the results obtained for CY3Z-RA and GY3Z-R60 are 0.35 μm and 
60 μm, respectively. TZ-3YS-E presents a bimodal fitting resulting in 0.4 μm and 2 μm of particle size. 
All these results are analysed under a neutral medium. Contrary to that, the line intercept method is 
only giving an idea of the particle size scale. It is not a real value at all because it is not being analysed 
a levelled sample. This method approximates the particle size by fitting the results to a bimodal 
Gaussian or Lorentzian curves. In that sense, the average particle size results in 0.117 µm and 0.174 
µm for CY3Z-RA, 20.44 µm for GY3Z-R60 and, 79.74 and 106.19 nm for TZ-3YS-E. As it is evident, the 
bimodal particle size distribution permits better arrangement of the powders. Comparing both 
methodologies, it must be said that the neutral medium utilized for laser diffraction analysis is not the 
adequate to completely disperse the powder in the solution.  
The most useful way for measuring density is through He pycnometry, because of not being possible 
to be measured via Archimedes’ principle. It is obtained values of 5.34 g/cm3, 4.79 g/cm3 and 5.32 
g/cm3 for CY3Z-RA, GY3Z-R60 and TZ-3YS-E, respectively. However, these values must be revised to get 
better accuracy following ref. [119]. 
For a crystallographic analysis, X-ray diffraction is offering the best way to determine it. Powder is not 
totally tetragonal because of the existence of monoclinic phase. The XRD spectra leads to determine 
the lattice parameters for tetragonal phase, obtaining  a = 3.62 Å and c = 5.19 Å, and for monoclinic 
phase a = 5.17 Å, b = 5.26 Å, c = 5.27 Å and β = 80°. These results are in accordance with those reported 
in refs. [4,79,113]. Theoretical density is calculated as 5.87 g/cm3 for Saint Gobain materials and 5.93 
g/cm3 for Tosoh powder.  
The specific surface area (SSA) is recorded through BET analysis. Because of being a gas adsorption 
technique, this equipment does not distort the obtained values due to its real shape and porous 
structure. With this technique the values of SSA reported for the employed feedstock are: 7.1 m2/g for 
CY3Z-RA, 4.6 m2/g for GY3Z-R60 and 6.7 m2/g for TZ-3YS-E.  
The thermogravimetric analysis reports that the total amount of the polymeric binder content in GY3Z-
R60 is about 3 wt. % and it degrades at approximately 380°C.  
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5.2. Paste characterization 
The rheology of the ceramic paste must be analysed with a plate-plate rheometer due to its high 
viscosity. It is clearly demonstrated that the paste is behaving as a Herschel-Bulkley fluid with a shear 
thinning behaviour. Paste containing GY3Z-R60 seems to benefit the printing procedure. Its binder 
makes it easier, because of its lower printing shear stress. Thus, it can be stablished from the storage 
and loss modulus graphic representation that the point where each paste have to be extruded is at a 
shear stress of 1500 Pa for paste containing GY3Z-R60 and around 2000 Pa for paste containing CY3Z-
RA.  
On the other hand, TGA is recording a value of degradation temperature of the Pluronic polymer of 
near 380°C. It is also displaying that the composition of the final paste is near the theoretical values (60 
%wt. of ceramic charge).   
5.3. 3D-printing specimens 
The density of the 3D printed specimens is only calculated through Archimedes’ principle due to the 
lack of material to be analysed through He pycnometry. The results obtained are 5.33, 5.29, 4.58 and 
4.37 g/cm3 for the 100-RA, 100-R60, 50-RA and 50-R60, respectively. These results show that the 
fabricated pieces contain more than 10 % of porosity comparing the obtained values with the 
theoretical density (6.05 g/cm3 calculated from XRD analysis). The porosity results obtained are slightly 
higher than the presented in the other characterization techniques. This results must be revised and 
performed under vacuum in order to ensure covering all the specific surface area of the specimen for 
obtaining a more accurate value. 
Furthermore, XRD analysis has shown that all four samples have only tetragonal phase in its 
microstructure. This tetragonal phase has the lattice parameters such that a = 3.6 Å and c = 5.17 Å. The 
results are in clear accordance with ref. [79,120]. The theoretical density calculated for all the 
specimens is 6.05 g/cm3 in accordance with the data sheet. 
On the other hand, porosity can be determined through several techniques. However, 3D image 
modelling offers the hugest amount of information and, also, it is the most reliable methodology. It 
displays visual information of the internal porosity and can be proposed for a wide range of pore size 
distributions. However, this methodology is not the most efficient because for obtaining a small 
volume of interest it requires high amount of preparation time. During the last decade, micro-CT has 
been widely used to investigate huge volumes and correctly determine the close and open porosity. 
Regarding this last technique, it can not be forgotten that high reflexion is observed in ZrO2 parts and 
can be translated in discrepancies in the results. 2D image analysis is not at all the best way to 
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determine porosity, due to the fact that it is only viewed a cutting slice. It will be interesting trying to 
use or develop new porosity characterization techniques in order to minimize the time that a 3D model 
image rendering entails. Finally, BET and BJH analysis is not possible because of the low SSA that 
robocasted parts present.  
In this Master’s thesis, the results obtained through the different porosity characterization techniques 
differ between them (see Table 5.1). It can be explained because ceramic pieces are very 
heterogeneous, and for obtaining a more accurate value high number of samples have to be produced 
in order to evaluate the Weibull parameter. It seems that pieces produced with GY3Z-R60 charge 
presents more quantity of pores due to its binder, which is an additional polymer that is burned during 
the sintering process. Furthermore, the printed specimens present high pore density in the upper 
printed layers, known as printing defects. In this sense, three recommendations can be provided in 
order to reduce the pore density and enhance the mechanical properties of the printed specimens:  
(i) To introduce the printing equipment inside an ambient chamber to control humidity 
and keep constant the viscosity along the entire printing process,  
(ii) To  optimize the mixing procedure with more time or performing it under vacuum and  
(iii) To reduce the local temperature at the nozzle wall by refrigerating it. 
On the other hand, hardness can be easily analysed through Vickers’ indentation, offering values of 
12.7 and 12 GPa for 100-RA and 100-R60 samples, respectively. On the other hand, the elastic modulus 
directly determined by using the Nanoindentation technique is recorded as 236 and 225 GPa for the 
100-RA and 100-R60 samples, respectively. On the other hand, indentation fracture toughness is 
evaluated through the crack length produced by Vickers’ indentation by using the Nihiara et al. 
relationship and yielding values of around 5.27 MPa·m-1/2 and 5.05 MPa·m-1/2 for 100-RA and 100-R60, 
respectively. The values obtained and reported here are in fair agreement with those reported for ZrO2 
base materials performed by using traditional technologies and reported in refs. [23,65,66].  
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Table 5.1: Comparison of the total porosity recorded by different porosity characterization techniques (results presented in 
%). 2D image analysis results are macro-porosity + micro-porosity. Archimedes’ principle is evaluating closed porosity only. 
Sample 2D image 3D image Micro-CT BET Archimedes’ principle 
100-RA [0.93 - 7.95] + [2.56 - 4.36]   5.42 N/P N/P 11.95 
100-R60 [2.63 - 3.74] + [2.18 - 2.26] N/R N/P N/P 12.59 
50-RA [5.28 - 11.56] + [0.99 - 2.11] N/R [4.88 - 9.92] N/P 24.28 
50-R60 [0.84 - 10.82] + [2.61 - 3.45] N/R [1.59 - 10.4] N/P 27.82 
N/R = Not recorded     N/P = Not possible 
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Environmental impact 
In general lines, the environmental impact of this Master’s thesis has been minimum in its existence. 
This is related to the use of materials, processes and used equipment for fabrication and 
characterization of the different samples. 
The materials that has been used, principally ZrO2 and Pluronic F-127 do not present an excessive 
toxicity for the environment. What is more, it has not been used a huge quantity of them. In the case 
of non-destructive characterization techniques, the material remaining has been reutilized for other 
purposes. 
Regarding to the fabrication and characterization processes, there are clear examples in which is not 
possible to not generate residues. One example is the excess of paste produced for rheology 
measurements and 3D-printing. For that case, it was reutilized but not entirely. Thus, it has to be 
thrown to the appropriate classified bins. During polishing, the slurries are generated from polished 
material, water and polishing suspensions are thrown through the drainage pipe. Finally, it has to be 
said that for cleaning the injectors of the 3D-printer and for some characterization equipment (e.g. 
Mastersizer 30, etc.) big quantities of water have to be consumed, which is finally thrown through the 
drainage pipe, too. All polluted powder and slurries provident from fabrication and characterization 
techniques are properly treated by laboratories of the “Escola d’Enginyeria de Barcelona Est, EEBE” 
according to the EU environmental policies. 
Electric energy is indispensable through all the stages in this Master’s thesis. It has to be highlighted 
processes such as sintering, micro-CT characterization or sample preparation in which long number of 
hours have to be implanted. However, it has been done the bests to reduce as much as possible this 
consumption. Apart from that, it has not to be depreciated the energy that other techniques consume. 
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Conclusions 
From the results obtained for characterizing the feedstock, the paste, and the porosity and the 
mechanical properties of robocasted parts performed during all the 3D-printing stages, it can be 
summed up that: 
(i) The binder from GY3Z-R60 seems to ease the rheology of the paste by decreasing the printing 
pressure. However, its low yield stress is not enough to overhang spanning features. 
(ii) It must be optimized the mixing procedure in order to get closer to the theoretical composition 
of the paste. In that way, the reduction of printing defects will be possible by means of realizing 
a distribution of ceramic charge more homogeneous within the pastes.  
(iii) Printing process must be performed in an humidity chamber to avoid drying of the paste. The 
idea is to maintain the relative humidity of the paste during all the process to keep away from 
instabilities that are going to generate printing defects. 
(iv) The nozzle has to be changed to a metallic one to avoid excessive abrasion of the injector, and 
so, it will be reduced the printing pressure at the final steps. 
(v) More efficient ways for characterizing porosity in ZrO2 must be investigated. By means of 
accuracy and time consumption, the investigated techniques are not efficient enough for the 
industrialization world. 
(vi) The mechanical properties obtained in 3D-printed materials (12.5 GPa for hardness and 5.2 
MPa·m-1/2) are in accordance with the results obtained through traditional manufacturing 
techniques and for TZ-3YS-E obtained through the Robocasting technique. Hence, with further 
investigations, this manufacturing methodology could replace powder technologies.   
Finally, Figure 1 presents the most suitable way to characterize the main properties of interest in 
robocasted samples through all its fabrication stages. From the characterization techniques applied to 
ZrO2-pritned specimens it is concluded that: 
(i) It is necessary to use small ZrO2 particles in a wide range of sizes to enhance the integration of 
the powder. 
(ii) The feedstock’s specific surface area is important to be relatively high to enhance the sintering 
between particles. 
(iii) In order to print through small nozzles with low extruding pressures, the ceramic paste must 
behave as a Herschel-Bulkley fluid with shear thinning behaviour. 
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Figure 1: Determined protocol for analysing robocasted parts through all its manufacturing stages. 
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Future work 
After achieving the objectives of this Master’s thesis, further work in the optimization of this process 
could be of important interest. This leading to achieve better pastes and, so, better final pieces. In the 
future, this is understood as a more reliable fabrication routes and enhanced integrity of the final parts. 
For that reason, new applications are waiting for new investigations to cover their place in the 20th 
century manufacturing world.   
With regard to the characterization of ZrO2 porosity, it has to be said that other methodologies have 
to be investigated, by means of more accuracy or less time consumption. If necessary, trying to develop 
new techniques to ease its measurements. In this way, the industrialization world would become more 
attracted. 
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Economic analysis 
This part of the work focus on the budget necessary to invest in order to realize this Master’s thesis. It 
is going to divide the principal budget in 4 subgroups in order to see the cost of each of the processes. 
Feedstock supplied by Saint Gobain-CREE is ceded with no cost due their collaboration for performing 
this Master’s thesis. What is more, the fabrication of the samples is also in charge of the collaboration 
company.  
The total cost invested for obtaining the materials, fabricating the specimens, characterizing the 
feedstock, the pastes and the samples, and, finally, the researching staff is about 15.235,28 €. 
 
 
Description Unitary price Quantity Total 
Material 
CY3Z-RA - - -   € 
GY3Z-R60 - - -   € 
TZ-3YS-E 300 €/kg 20 g 6,00 € 
Pluronic F-127 235,50 €/kg 50 g 11,78 €  
Subtotal 1 17,78 € 
 
  
Description Unitary price Quantity Total 
3D-Printing 
Pastes preparation - - - 
Robocasting - - - 
Sintering - - -  
Subtotal 2 - 
 
  
Description Unitary price Quantity Total 
Characterization  
techniques 
He Pycnometry 50 €/sample 3 samples 150,00 € 
XRD 56,25 €/h 8 h 450,00 € 
Micro-CT 60 €/h 20 h 1.200,00 € 
Laser diffraction 60 €/h 4.5 h 180,00 € 
Sample preparation 30 €/h 150 h 4.500,00 € 
SEM 45 €/h 8 h 360,00 € 
FESEM 187,50 €/h 1 h 187,50 € 
BET 100 €/sample 3 samples 300,00 € 
Nanoindentation 60 €/h 8 h 480,00 € 
Plate-Plate rheometer 200 €/sample 3 samples 600,00 € 
TGA 70 €/sample 3 samples 210,00 €  
Subtotal 3 8.617,50 € 
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Description Unitary price Quantity Total 
Research staff 
Laboratory technician 80 €/h 15 h 1.200,00 € 
Tutor 40 €/h 60 h 2.400,00 € 
Planner 10 €/h 300 h 3.000,00 €  
Subtotal 4 6.600,00 € 
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Appendix A: Herschel-Bulkley flow behaviour 
This annex provides extended information about the behaviour of the ceramic paste flow when it is 
extruded. It gathers information about rheology, velocity profile and mechanical stresses inside the 
nozzle for Herschel-Bulkley fluids.  
The pastes must be formulated according to rheology, filament formation and solidification behaviour, 
so extrusion and shape retention will define the final paste. The initial shape retention takes place 
because of a rapid dynamic recovery (≈1 second) of the gel elasticity (elastic modulus and yield stress) 
after extrusion [38].  
At that point, inks need a controlled viscoelastic response, due to the necessity to flow through a fine 
nozzle and facilitate shape retention immediately. This can be achieved controlling the colloidal forces. 
First, it is important to set a very high concentration loading paste within a stable dispersion. Then, 
there must be induced a system change (for example with variations in pH, ionic strength or solvent 
quality) from fluid to a gelled state [40]. 
The elastic properties of the paste are obtained by tailoring strength of the inter-particle attractions 
according to Eq. A.1 [38]: 
𝑦 = 𝑘 (
𝜙
𝜙𝑔𝑒𝑙
− 1)
𝑥
 Eq. A.1 
where y is the elastic property that is wanted to determine (yield strength τys or elastic modulus G’), k 
is a constant, x the scaling exponent (≈ 2.5). The colloid volume fraction Φ, which is constant for gel-
based inks, is proportional to the inter-particle bond density; and Φgel is the colloid volume fraction at 
gel point, which is inversely proportional to the bond strength. So, if the inter-particle attractive forces 
are higher, the elastic properties will increase too.  
The maximum possible packing fraction indicates the appropriate volume fraction of ceramic particles 
in order to obtain particles randomly packed in the closest configuration allowable. The final selected 
volume fraction must be below this number because the viscosity of the suspension increases 
exponentially as the maximum packing fraction is approached, due to a diverge in relative viscosity 
terms. Krieger-Dougherty [123] model (see Eq. A.2) is one of the various models that relates the 
relative viscosity with the particle phase volume for hard sphere suspensions, which fits the 
aforementioned behaviour. 
𝜂𝑟 = (1 −
𝜑
𝜑𝑚
)
−[𝜂]𝜑𝑚
 Eq. A.2 
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where ηr refers to the relative viscosity, [η] regards to the intrinsic viscosity of the paste, ϕ the volume 
fraction of solid particles  and ϕm is the maximum theoretical volume fraction (which is function of the 
shape and size distribution of the particles and the shear rate); it is the point where the yield stress 
tends to infinite. Under low shear rate, or quasistatic conditions, ϕm = 0.63. Alignment of the particles 
at higher shear rates increases the maximum volumetric fraction of solids to ϕm = 0.74, that of the face 
centred cubic packing. In current studies, the volume fraction of ceramic phase ranges from 0.07 to 
0.65 depending on the paste formulation [38].  
In order to achieve successful prints, the rheology of the pastes that are going to be printed is one of 
the most important aspect. The Herschel-Bulkley model is applied on non-Newtonian fluids that 
exhibits a yield stress. The constitutive equation of Herschel-Bulkley model is expressed in Eq. A.3. This 
expression indicates that stressing over the yield stress; the colloidal gel will begin to flow [124,125]. 
𝜏 = 𝜏𝑦𝑠 + 𝐾Υ̇
𝑛 Eq. A.3 
The consistency index parameter, K, gives an idea of the viscosity of the fluid. However, to be able to 
compare K-values for different fluids they should have similar flow behaviour index, n. The shear stress 
and the yield stress correspond to τ and τys, and ϒ to the shear rate. When the flow behaviour index is 
close to one, the fluid’s behaviour tends to transform from a shear thinning to a shear thickening fluid. 
When this parameter is above one, then the fluid acts as a shear thickening fluid [125]. 
This model is described because is one of the most used in order to define the flow behaviour of the 
pastes. This model describe non-Newtonian fluids that do not flow below a yield stress. Low flow 
behaviour index and low K-value is desired for robocasting, because it allows extruding with low 
pressures and helps to the mixing feature. Also, a high yield stress is important because it must be 
prevented the collapse of the top printed part and it must resist capillary forces pulling the part into a 
sphere [125]. 
There are not yet universal requirements for this type of production, the requirements of G’, τys, n and 
K depend entirely on the geometry and scale of the part printed, the size and shape of the nozzle, the 
paste’s density and other factors. One important attempt to prevent excessive sagging in the parts, 
was the quantification of the minimum G’ required. In order to ensure a homogeneous paste, it must 
be provided the lowest K-value. It also helps to ensure mixing with relative ease [38]. 
Paste’s shear thinning behaviour can be the response of different mechanisms; being the most 
common in the literature the alignment of particles with flow direction. This produces preferential flow 
structures with low system viscosity at high levels of flow ratios. Nevertheless, this mechanism does 
not apply for perfectly spherical particles. What is more, colloidal pastes suffer an additional shear 
thinning due to dynamic break-up of particle-particle bonds when sheared. On the other hand, in 
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hydrogel pastes, the additional shear thinning is consequence of the reversible disruption and break-
down of hydrogel network under stress [125]. 
Herschel-Bulkley fluids present a velocity profile such that there is an unyielded core (gel) flowing at a 
constant velocity and a yielded shell (fluid) that presents a laminar flow, as shown in Figure A.1. Its 
velocity profile equation is shown in Eq. A.4. This profile is determined inside the nozzle, contrary to 
that, when the printed rod has exit the nozzle, the velocity profile consists in: a core-shell structure 
with a gelled centre and a fluid around it. This type of structure promotes shape retention while rods 
fuse together. As a final point to add, the fluid shell change to a gel state as particle bonds begin to 
form [125]. 
 
Figure A.1: Velocity profile of a Herschel-Bulkley fluid effect of shear thinning exponent at a constant volumetric flow rate 
[125]. 
The velocity profile of the paste’s shell structure flowing through a cylindrical nozzle is described with 
the Herschel-Bulkley fluid model. Its complexity come from the presence of a yield stress and, that the 
fluid near the wall present a lower viscosity than the fluid in the centre of the nozzle; this last coming 
from the shear thinning nature. For that reason, several attempts to describe its velocity profile have 
been achieved leading to discrepancies in the formulation. The most accepted and implemented 
formulation for the velocity profile without wall slip is expressed as [125]: 
𝑣 = (
1
𝐾
)
1
𝑛 𝑅
𝜏𝑤
𝑛
𝑛 + 1
(𝜏𝑤 − 𝜏𝑦𝑠)
(𝑛+1)/𝑛
     𝑓𝑜𝑟 𝑟 ≤ 𝑟𝑝 
Eq. A.4 
𝑣𝑝 =
𝑅
𝜏𝑤
𝑛
𝑛 + 1
(
1
𝐾
)
1/𝑛
[(𝜏𝑤 − 𝜏𝑦𝑠)
1+𝑛
𝑛 − (
𝜏𝑤
𝑅
𝑟 − 𝜏𝑦𝑠)
1+𝑛
𝑛
]      𝑓𝑜𝑟 𝑟𝑝 ≤ 𝑟 ≤ 𝑅 
where 
𝜏𝑤 =
(Δ𝑃 + 𝜌𝑔𝐿)𝑅
2𝐿
 Eq. A.5 
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where ΔP is the pressure drop over the nozzle, L the nozzle length, R the nozzle radius, r any point 
between the nozzle centre and R and τw the shear stress at the wall. K refers to the consistency of the 
paste, which is defined as the resistance to deformation determined by the magnitude of particle 
interactions remaining under applied shear. The flow behaviour index, n, defines the ease with which 
the microstructure can be broken down or restructured. For robocasting pastes, 𝑛 < 1 due to the fact 
that what is important here is a shear thinning behaviour[125].  
Mean velocity for a Herschel-Bulkley fluid is obtained by integrating the local velocity from the plug 
zone and the annular region along the walls of the pipe (see Eq. A.6) [125]: 
𝑣𝑎𝑣 = (
1
𝐾
)
1
𝑛⁄ 𝑅
𝜏𝑤3
(𝜏𝑤 − 𝜏𝑦𝑠)
1+𝑛
𝑛 [
𝑛𝜏𝑤
2
𝑛 + 1
+
2𝑛2𝜏𝑦𝑠(𝜏𝑤 − 𝜏𝑦𝑠)
(𝑛 + 1)(2𝑛 + 1)
+
2𝑛2(𝜏𝑤 − 𝜏𝑦𝑠)
2
(𝑛 + 1)(3𝑛 + 1)
] 
Eq. A.6 
The volumetric flow rate (see Eq. A.8) is calculated from the integration of the continuity equation (see 
Eq. A.7) such that [125]: 
𝑄 = 2𝜋 ∫ 𝑉𝑧𝑟𝑑𝑟
𝑅
0
 Eq. A.7 
𝑄 =
𝜋𝐷3
8𝜏𝑤3
(
1
𝐾
)
1
𝑛⁄
[
𝑛(𝜏𝑤 − 𝜏𝑦𝑠)
1+3𝑛
𝑛
1 + 3𝑛
+
2𝑛𝜏𝑦𝑠(𝜏𝑤 − 𝜏𝑦𝑠)
1+2𝑛
𝑛
1 + 2𝑛
+
𝑛𝜏𝑦𝑠
2(𝜏𝑤 − 𝜏𝑦𝑠)
1+𝑛
𝑛
1 + 𝑛
] 
Eq. A.8 
where Vz is the local velocity in terms of average velocity (see Eq. A.9): 
𝑉𝑧 = 2𝑣𝑎𝑣 (
1 − 𝑟2
𝑅2
) Eq. A.9 
The ink flows through a cylindrical nozzle, when applying a pressure, experiencing a shear stress such 
that is function of the radial position (see Eq. A.10) [38,40]: 
𝜏𝑟 =
𝑟Δ𝑃
2𝑙
 Eq. A.10 
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where r is the radial position within the nozzle and ΔP the pressure gradient applied along the length, 
l. Plugging or tracking down a laminar flow will be function of the velocity profile and the ink’s stability. 
The shear rate as a function of shear stress (see Eq. A.11) is calculated rearranging Eq. A.3 [125]: 
?̇? = (
𝜏 − 𝜏𝑦𝑠
𝐾
)
1
𝑛⁄
 Eq. A.11 
After on, it was discovered that a particle-depleted slip layer at the nozzle wall was also possible found 
during the material flowing. This slip layer is a thin fluid layer with a very low thickness established 
between the nozzle wall and the bulk ink (see Figure A.2). There are also, differences between the 
reported literatures of formulation. However, the most accepted formulation for a gel-based ink 
flowing through a fine nozzle is presented by Lewis et al. [126]. In that case, the slip velocity is calculated 
as (see Eq. A.12): 
𝑣𝑠 =
(𝜏𝑅
4 − 𝜏𝑠
4)
4𝜏𝑅3𝜂𝑐
 Eq. A.12 
where τR and τs  are the shear stress at the nozzle wall and at the slip layer/gel interface, and ηc equal 
to 30 mPa s. The integrated velocity profile of the core and shell region determined by these authors 
is (see Eq. A.13) [126]: 
𝑓(𝜏𝑠) =
𝑅𝑎𝑚+1
𝑚 + 1
(
𝜏𝑠
𝐾
)
𝑚
(
𝜏𝑠
𝜏𝑅
) [1 −
2𝑎
𝑚 + 2
+
𝑎2
(𝑚 + 2)(𝑚 + 3)
] Eq. A.13 
where m is the inverse Herschel-Bulkley shear thinning exponent and 𝑎 = 1 −
𝜏𝑦𝑠
𝜏𝑠⁄ . The existence 
of the wall slip layer leads to lower shear rates through the extruded filament and non-alteration of 
the ink structure.  
 
Figure A.2: Schematic geometry of a three-zone velocity profile. Slip layer, core region and plug region [126]. 
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Finally, the volumetric flow rate Q as a function of applied pressure is found by taking into 
consideration the contributions from the slip at the nozzle wall and the integrated velocity profile of 
the core-shell region (f(τs)) (see Eq. A.14) [126]: 
𝑄 = 𝜋𝑅2(𝑣𝑠 + 𝑓(𝜏𝑠)) Eq. A.14 
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Appendix B: Data sheet 
This appendix provides all the information extracted from Saint Gobain-CREE and Tosoh related to the 
chemical, physical and mechanical properties of the raw materials used for this thesis: 
1) CY3Z-RA 
2) GY3Z-R60 
3) TZ-3YS-E 
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Appendix C: Zeta potential 
In order to explain why particles agglomerate or not in a solution, it must be revised the electro-kinetics 
of colloid suspensions. It can be changed the characteristics of the suspension knowing the interaction 
between individual colloids. Thus, if repulsive forces are high, suspension are more stable because of 
the prevention of union between particles. On the other hand, if the repulsive forces are too low, big 
agglomerates are going to be formed. Because of that, more quickly these particles are going to 
sediment. The union force at the colloid surface and the liquid will determine the behaviour of the 
suspension, while electro-kinetic phenomena has the major effect [127,128]. 
Each colloid has an electric charge (typically negative). This charge produces electrostatic repulsive 
forces between neighbour colloids. In the case of having a big charge, the particles remain dispersed 
in the solution. While, if the charge is low, the colloids will agglomerate. Coulomb’s law (see Eq. C.1), 
relates the force that a charged colloid is going to experiment through the distance and the charge of 
the neighbour colloid [127]. 
𝐹 = 𝑘
𝑞1𝑞2
𝑟2
 Eq. C.1 
where k is the electrostatic constant, which will depend on the medium and the electric permittivity of 
vacuum; q1 and q2 represent the quantity of charge on object 1 and 2, respectively; and r the distance 
between both objects. 
C.1. Double layer model 
This model (see Figure C.1 ) represents a visualization of the ionic atmosphere in the proximities of a 
colloid and is used to explain the role of electrostatic repulsive forces. Having a negative charged colloid 
and positive ions (cations) surrounding it, these become attracted to the colloid forming a rigid positive 
layer surrounding the surface of the colloid. This layer is known as Stern layer. At that point, other 
positive ions are attracted by the negative colloid. However, the Stern layer refuse them. Apart from 
that, other cations that want to approach refuse other positive charges that want to get close to the 
colloid. This dynamic equilibrium entails to the formation of a diffuse layer of positive ions. A 
concentration curve of cations, being maximum at the colloid surface and decreasing gradually until 
reaching an equilibrium within the bulk solution, can be described through the double layer model. 
Apart from that, the diffuse layer is a layer with a deficit of negative ions (anions) surrounding the 
colloid. The concentration of anions increases moving away from the colloid while repulsive forces 
from the colloid are compensated by cations until reaching the equilibrium [109,127].  
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The charge density, at any distance from the colloid surface, can be calculated as the difference of 
concentration of positive and negative ions. This charge density is maximum near the colloid and 
decreases to zero when the concentration of anions and cations are similar [109]. 
 
Figure C.1: Illustration of the double layer model [109]. 
To conclude, the electric double layer comprehend the positive ions from the Stern layer and the 
diffuse layer. Its thickness will depend on the type and concentration of ions within the solution and 
the sample temperature (see Eq. C.2 ). To approximate a value, it is used the Debye length, which is a 
measure of the charge carrier’s net electrostatic effect in the solution in terms of distance at which it 
persists [128].  
1
𝑘⁄ =
√
𝜀0𝜀𝑘𝑏𝑇
2000𝑒2𝐼𝑁
 Eq. C.2 
where ɛ and ɛ0 are the dielectric constant and the permittivity of frees space, respectively, kb is the 
Boltzmann constant, T the temperature of the samples, e the electronic charge constant, N the 
Avogadro number and N the ionic strength of the media. 
C.2. Zeta potential 
The zeta potential is a magnitude that reflects the electrostatic repulsion/attraction between particles. 
So, this magnitude is a stability indicator in a dispersion (being higher as zeta potential increases).  
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A negative colloid and its positive charged atmosphere produce a relative electric potential in the 
solution. This is maximum at the surface and decreases gradually with the distance until zero out of 
the diffuse layer. The potential loss and the distance from the colloid is going to indicate the repulsive 
forces between colloids being function of the distance between these forces. The zeta potential is the 
point where the diffuse layer and the Stern layer meet; and can be analysed easily (see Figure C.2). 
Contrary to that, the potential and the charge of the surface of the colloid can not be measured 
[109,127,128].  
The zeta potential controls the behaviour of the colloid. Hence, it indicates changes in the surface 
potential and in the repulsive forces between colloids. 
 
Figure C.2: The relation between zeta potential and surface potential depends on the amount of ions in the solution [109]. 
C.3. DVLO theory 
The DLVO theory is based on the equilibrium between opposed repulsive electrostatic forces and 
attraction forces such as van der Waals forces. This theory explains why some particles tend to 
agglomerate and other ones no [109,127]. 
The electrostatic forces are important once two colloids are approximating and the double layer begins 
to interfere. Thus, if the energy overtake the repulsive forces, the union of these particles takes place. 
This energy is maximum when the particles are very close and tends to zero out of the double layer. 
The maximum energy is related to the surface potential of the colloid. Van der Waals forces have an 
additive effect, becoming in the attractive energy curve. These are the result of forces between 
individual molecules of each colloid [109,127].  
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DLVO theory combines the attractive forces and the electrostatic forces (see Figure C.3). Hence, it can 
be extracted the net energy of interaction curve. If a repulsive zone exists, a maximum energy of 
repulsion will indicate how stable a solution is (energy barrier). As it can be seen, a potential barrier is 
an energy that must be exceeded in order to permit the agglomeration of particles. Thus, because the 
particle has a mass m and experience a velocity v, the kinetic energy from that particles must be over 
the barrier energy to adhere. On the other hand, there is a zone where particles are considered united. 
At this site, known as energy trap, repulsive forces disappear [109,127].  
It is possible to alter the environment of the colloid in order to increase or decrease the energetic 
barrier. It is achieved by changing the ionic atmosphere, the pH o adding active composites to affect 
directly the colloid [109].   
 
Figure C.3: Interaction net energy curve subtracted from attraction and repulsion curves [127]. 
C.4. Measurement of zeta potential 
In zeta potential measurements, an electric field is applied across the sample. The charged particles 
are going to move to the electrode of opposed charge. The movement of the nanoparticles 
(electrophoretic mobility) is, then, measured by laser Doppler velocimetry for nanoparticles or optically 
(see Figure C.4a). The Henry equation is then used to calculate the zeta potential (see Eq. C.3) [129]: 
𝑈𝑒 =
2𝜀𝑧𝑓(𝑘𝑎)
3𝜂
 Eq. C.3 
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where Ue is the electrophoretic mobility, ɛ is the dielectric constant, ɳ is the absolute zero-shear 
viscosity of the medium, f(ka) is the Henry function and ka is a measure of the ratio of the particle radius 
to the Deby length. The electrophoretic mobility is calculated as (see Eq. C.4) [129]: 
𝑈𝑒 =
𝑣
𝑉/𝑙
 Eq. C.4 
where v is the speed of the particles, V is the applied voltage and l is the distance to the electrode. In 
the case of having a polar media where ka is large and the double layer is thin compared to the particle 
radius, it can be applied the Smoluchowsky approximation where f(ka) = 1.5. And in the case of non-
polar media where small particles are present in a media with a low dielectric constant, the Huckel 
approximation can be applied where f(ka) = 1 (see Figure C.4b) [129]. 
 
Figure C.4: a) Equipment for measuring zeta potential through electrophoretic mobility and b) schematic approximation of 
Henry function in different media [109]. 
 
 
 
  
 
